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1. Introduction

1.1. Interaction of drugs and macromolecules

Macromolecules are large organic molecules that consist of many smaller
molecular units. Based on the IUPAC definition a macromolecule is "A molecule
of high relative molecular mass, the structure of which essentially comprises the
multiple repetition of units derived, actually or conceptually, from molecules
of low relative molecular mass."1 The realm of natural organic macromolecules
counts thousands of hundreds of carbon compounds, many of them playing an
important role in the structural organization of biological organisms. These biological
macromolecules can be categorized into four main classes: carbohydrates (i.e.,
oligo- and polysaccharides, starch, cellulose, chitin), proteins (i.e., receptor proteins,
albumin, keratin, hormones, enzymes, antibodies), nucleic acids (i.e., DNA and RNA)
and lipids (i.e., triglycerides, phospholipids and sphingolipids).2–4

Drug molecules may interact with macromolecules in several ways: (i) most drugs
act by binding to receptor proteins and altering their biochemical or biophysical
activities,5 (ii) they interact with phospholipids and transport proteins of biological
membranes6 and (iii) they can be transported by blood proteins to the site of
therapeutic action,7 (iv) in drug formulations various macromolecules (cyclodextrins,
albumins, surfactants) can be present as additives or liposomal formulations
can be used to address low solubility of drugs, increase stability and improve
bioavailability.8,9 As the interactions between drugs and macromolecules significantly
affect the pharmacokinetic (PK) and pharmacodynamic (PD) behavior of drugs, the
investigation of these interactions is of great interest in the pharmaceutical industry.
Therefore, the development of novel methods that can help to provide additional
information about drug–macromolecule interactions is a constantly evolving area
of pharmaceutical chemistry. The work presented in this thesis has focused on
studying these interactions, the topics covered during my research are described in
the following sections.
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Chapter 1. Introduction

1.2. Cyclodextrins

Cyclodextrins (CDs) are a group of cyclic oligosaccharides, which consist of
(α-1→4)-linked α-D-glucopyranose units joined in the shape of a truncated cone
as a consequence of the chair conformation of the glucopyranose units.10 They
can be synthesized by enzymatic hydrolysis of starch using cyclodextrin glucosyl
transferase (CGT),11,12 where the three predominantly formed products are α-, β-
and γ-cyclodextrins (ACD, BCD and GCD), which are comprised of 6, 7 and 8
units, respectively (Figure 1.1). Synthesis of homologues with higher number of
glucose units (δ-, ε-, ζ-, η- and θ-CDs) have also been reported, however, their use is
minuscule compared to ACD, BCD and GCD, due to their less favorable complex
forming properties.13,14

FIGURE 1.1: Chemical structure of α-, β- and γ-cyclodextrins and schematic representation of
a β-cyclodextrin ring.11,15

2



1.2. Cyclodextrins

TABLE 1.1: Characteristics of natural α-, β- and γ-CDs.16

α-cyclodextrin β-cyclodextrin γ-cyclodextrin

Abbreviation ACD BCD GCD

Molecular weight (Da) 972.84 1134.98 1297.12

Number of glucopyranose units 6 7 8

Approximate dimensions (nm)19

Height 0.78 0.78 0.78

Inner diameter 0.50 0.62 0.80

Outer diameter 1.46 1.54 1.75

Solubility in H2O at 25 °C (mg/ml) 129.5 ± 0.717 18.4 ± 0.217 249.2 ± 0.217

14518 18.518 23218

1.2.1. The discovery of cyclodextrins

CDs were first discovered by a French scientist M. A. Villiers in 1891, who studied
the enzymatic fermentation of potato starch.20–22 He described two distinct crystalline
carbohydrates as "white crystals with a very slight sweetness", which are resistant to
acidic hydrolysis and lack the reductive capability of reducing sugars. Based on their
similar properties to cellulose, Villiers proposed the name "cellulosine" for the newly
discovered molecules.21

A decade later, Professor Franz Schardinger reported his observations on the
formation of cellulosine-like byproducts, which often occurs in starch-based media
in the presence of putrefying microorganisms.23 He was also the first researcher
to describe fundamental properties and the complex forming ability of CDs and
he isolated first different strains of bacteria (such as Bacillus macerans) that were
responsible for the degradation of starch. Using the microorganism, he was able to
convert 25-30% of starch into Villiers’ two cellulosines, which he called crystalline α-
and β-dextrins.21,24 To honor his research in the field of CDs, later on the molecules
were called Schardinger dextrins almost until the 1970s and he is remembered as the
"Founding Father" of CDs up until now.21,24 It was also he, who hypothesized the
cyclic nature of CDs, however, this was demonstrated experimentally only later, by
Karl Johann Freudenberg and Fritz Cramer.25–28

Besides investigating the cyclic nature of CDs, Freudenberg determined the

3



Chapter 1. Introduction

number of glucose units in the case of α- and β-dextrins (although he erroneously
reported 5 and 6 units, respectively).29 He discovered γ-dextrin, elucidated its
structure and also assumed the possibility of homologues with higher number of
glucose units.21,28–30

1.2.2. Complex formation of CDs and drug molecules

Due to 4C1 conformation of the glucopyranose units of CDs, the inner cavity
of the truncated cone is lined with the skeletal carbons, hydrogen atoms and lone
pairs of glycosidic oxygen bridges linking together the units, while the primary and
secondary hydroxyl groups are located at the bases of the cone (Figure 1.1).19,31–34

As a consequence of this arrangement, the inner cavity of CDs provides a lipophilic
microenvironment into which apolar moieties of drug molecules may enter resulting
in the formation of inclusion complexes.32,33 Due to the different dimensions of
their cavities (Table 1.1), guest molecules of different sizes will be able to form
host-guest complexes with CDs. In the case of ACD, the cavity size is most
suitable for smaller and aliphatic or aliphatic-aromatic guest molecules (e.g, iodine,
methanol, 1-propanol, nitromethane, acetonitrile, etc.), the larger BCD is more often
capable of accommodating molecules containing phenyl and naphthalene groups
and heterocycles, while GCD is able to form complexes with larger molecules, such
as steroids or macrocycles.19 As the closeness of interacting moieties is a prerequisite
of the secondary interactions that hold together the complex, the stability of the
formed complexes depends greatly on proper geometrical fit of the guest in the
CD cavity and the number of moieties capable of interaction. The major driving
forces leading to the formation of complexes include Van der Walls interactions,
hydrophobic interactions, while hydrogen bonding, and charge–transfer interactions
also contribute to complexation. The exclusion of cavity-bound high-energy water
is also often considered as possible driving forces, however, it has been shown that
it is not energetically contributing to the complex formation but rather a process of
enthalpy-entropy compensation without any free energy contribution.35

4



1.2. Cyclodextrins

TABLE 1.2: Aqueous solubility of modified CDs.18

Abbreviation Substituent DSa Solubilityb

(mg/ml)18

Carboxymethyl-β-CD CMBCD -CH2-COOH 3–5 50

Dimethyl-β-CD DIMEBCD -CH3 12–16 570

Randomly methylated β-CD RAMEBCD -CH3 9.7–13.6 >500

Trimethyl-β-CD TRIMEBCD -CH3 21 310

(2-hydroxyethyl)-β-CD HEBCD -CH2-CH2OH 3.6 >2000

(2-hydroxypropyl)-β-CD HPBCD -CH2-CHOH-CH3 2.8–10.5 >1200

Sulfobutylether-β-CD Na salt SBEBCD -(CH2)4-SO3Na 6.2–6.9 >1200

(2-hydroxypropyl)-γ-CD HPGCD -CH2-CHOH-CH3 3.0–5.4 800

a Degree of substitution: the average number of substituents per one CD molecule
b Solubility in H2O at 25 °C

Due to the presence of hydroxyl groups, the outer surface of CDs possesses a
hydrophilic character, CDs and their complexes are soluble in aqueous solutions.
Although solubility of natural CDs and their complexes – especially in the case of BCD
and δ-CD, where intramolecular H-bonding decreases its solubility36 – is limited, by
modification of hydroxyl groups using various substituents even a 100-fold increase
in solubility can be achieved (Table 1.2). To this avail, methylated, hydroxypropylated
or anionic sulfobutylether derivatives are most commonly synthesized.18,37 It has
also been shown through a case study of methylated CDs that the solubilizing
capability is significantly affected by the degree of substitution (DS), which gives the
average number of substituents per one CD molecules. It has been found that in the
case of methylated derivatives, dimethyl substitution of the rings improved most
favorably the solubility of the complexes in the case of several APIs.37 Besides its
solubility increasing effect, CD complexation can also have a number of additional
benefits: it can decrease the irritation caused by some APIs, it can protect the
API from oxidation, volatilization or polymerization, it can mask the unpleasant
smell of ingredients such as garlic oil, or the utterly bitter taste of APIs (e.g.,
cetirizine, dextromethorphan bromide, ibuprofen).34 The solubility increasing effect
of complexation is often exploited in pharmaceutical formulations to achieve higher
bioavailability.10,34,38 From a few-fold to several ten-fold increase of bioavailabilities
of drugs have been reported during clinical bioavailability studies. This makes the
use of CDs favorable in the case of poorly soluble drugs of Class II and IV of the
Biopharmaceutics Classification System (BCS), where the solubility of drug molecules
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Chapter 1. Introduction

is a rate-limiting step of absorption.10 The dose and type of the applied CDs and
the stability of the formed complex have a significant effect on the PK properties of
drugs, affecting the dissolution and absorption rates, thus increasing the blood levels
of APIs resulting in improved bioavailability.38–41 However, there are several cases
where no improvement in bioavailability or even a reduction of bioavailability have
been reported.40–43 Therefore, the measurement of the stability constant is essential
to determine the most favorable CD derivative and CD–API ratio in different drug
forms.

1.2.3. Methods for the investigation of CD–drug complexation

To study the complexation process of APIs with various cyclodextrin derivatives
several methods exist, which can be categorized into two main groups.44 The
first group consists of methods that are based on the separation of complexed
and free drug form, like chromatographic methods,45 capillary electrophoresis
(CE),46–53 dynamic dialysis54 and equilibrium dialysis (ED),55,56 electrospray mass
spectrometry,51,57 etc. The second group consists of methods that provide data
on complexation by monitoring the changes in physicochemical properties of
APIs as a consequence of their inclusion into the cavity of CDs, such as phase-
solubility,57–63 optical spectroscopic methods,59,61,64–69 nuclear magnetic resonance
(NMR) spectroscopy,57–59,70 potentiometric methods,57,68,69,71,72 phase-distribution
methods,73,74 conductometry,75,76 hydrolysis kinetics,77,78 etc.

The formation of CD–drug complexes can be described by the following general
equation:79

mD + nCD
βm:n−−⇀↽−− Dm·CDn (1.1)

where D, CD and Dm ·CDn are the drug, the cyclodextrin and their complexes,
respectively, while m and n indicate their stoichiometry. βmn is the overall
binding constant (the product of all the binding constants of different stoichiometry
complexes), which can be defined as:

βmn =
[Dm·CDn]

[D]m · [CD]n
(1.2)

where [D], [CD] and [Dm·CDn] are the concentrations of the drug, the cyclodextrin
and their complexes, respectively, while m and n indicate their stoichiometry. For the
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1.2. Cyclodextrins

measurement of the stability constants, one of the oldest but still widely used method
is the measurement of the solubility isotherms of the CD–API complex introduced
first by Higuchi and Connors.63

FIGURE 1.2: Phase-solubility diagrams of type A and type B systems.80,81

Solubility diagrams are constructed by plotting the total molar concentration
of drugs (cD,total) dissolved in the solution against total CD concentration (cCD,total).
Based on the solubility of the complex formed, the phase solubility isotherms can be
classified into type A and type B isotherms as can be seen in Figure 1.2.33,63,82 In the
case of A type diagrams, soluble complexes are formed, therefore cD,total increases
proportionally to the increase of cCD,total. If only first-order complexes are formed
(n = 1 in all species), the solubility diagram will be linear as represented by AL.63

This is not necessarily true vice versa, but linear diagrams are often taken as proof for
n = 1.82 If the slope is greater than unity, then the presence of higher order complexes
can be assumed (for which m is greater than 1), since only then can more than one
mole of drug taken into solution. On the other hand, a slope < 1 does not necessarily
mean the formation of 1:1 complexes only, but a 1:1 complex is usually assumed

7



Chapter 1. Introduction

in lack of additional information.81 In the case of an AP diagram the appearance of
higher order complexes (D·CD2, D·CD3,etc.) can be assumed, while AN diagrams
can be explained by bulk changes caused by CDs at higher concentrations (i.e., the
CD is altering the bulk properties of the aqueous media, a change in viscosity, surface
tension or conductivity may be observed).81 In the case of B type diagrams the formed
complexes have a limited solubility, the addition of CD no initial rise of cD,total can be
observed, or it initially improves solubility until the solubility limit of complexes is
reached.81,82 In the case of B type diagrams, upon addition of large amounts of CD
usually results decrease of cD,total due to precipitation of the complexes.80,81

Most often API–CD complexes of 1:1 stoichiometry are formed, or at least they
are the only species present at lower CD concentrations.82 If the presence of a single
1:1 stoichiometry complex is assumed, by combining the mass balance on drug and
CD with the definition of the stability constant K1:1 the stability isotherm can be
described as:82

cD,total = s0 +
K1:1 · s0 · cCD,total

1 + K1:1 · s0
(1.3)

where s0 is the solubility of the API without CD, which remains constant even when
adding CDs to the system due to the presence of pure, solid API in the system during
solubility measurements.

Using Equation 1.3, from the slope of the linear parts of the solubility isotherms
the stability constant can be given as:82

K1:1 =
slope

s0 · (1− slope)
(1.4)

8



1.3. Human serum albumin

1.3. Human serum albumin

The human blood plasma consists of approximately 7-9% of plasma proteins
(albumins, glycoproteins, and fibrinogen), which contribute a major part to API-
specific interactions. Human serum albumin (HSA) is the most abundant among
plasma proteins (about 54-60% of them).83–86 HSA is present in the blood at
particularly high concentrations (35-50 g/L).86–89 Among its many functions, HSA is
responsible for maintaining the osmotic pressure of the blood, serves as a transport
protein for endogenous substances (e.g., fatty acids and steroid hormones), it is also
the principal contributor to the binding of exogenous drug molecules,85,86,88,90 and
also possesses esterase activity which can affect the metabolism of certain APIs (i.e.,
esters of nicotinic acid, acetylsalicylic acid, ketoprofen glucuronide, etc.).91–94

FIGURE 1.3: Structural representation of a HSA molecule (generated with PyMOL v.2.3.4
based on PDB entry 1AO6).

The protein has a molecular mass of 66 kDa, consists of 585 amino acids, a high
proportion of which is negatively charged at the physiological pH of blood (pH
7.4).95 Its heart-shaped structure can be divided into three main domains (I-III), each
containing two subdomains (A and B) (Figure 1.3).86–88 Regarding plasma protein
binding of APIs, the two specific drug binding sites (site I: warfarin site on the
IIA subdomain and site II: indole-benzodiazepine site on the IIIA subdomain) are
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Chapter 1. Introduction

considered to be the most significant,86,89,96–100 however, several further low- to high-
affinity binding sites of HSA have been identified recently.101,102 Just like in the case
of CDs, drug molecules usually form reversible complexes with HSA by electrostatic
and hydrophobic interactions. Complexation with HSA allows the solubilization
of hydrophobic molecules83 and strong binding may have a significant effect on
the PK behavior of APIs (e.g., altered clearance,103–105 distribution,7,104,105 drug–
drug interactions7,106 and toxicity107). Furthermore, HSA binding may also have a
significant effect on the PD behavior of APIs in the human body: since the HSA–API
complexes cannot cross biological membranes, the portion of APIs unable to reach the
site of action becomes therapeutically inactive.7,90 The HSA binding affinity shows
wide diversity for drug-like compounds; thus, it is essential to predict the unbound
fraction of APIs from the early stages of drug discovery for the estimation of PK
behavior.

1.3.1. Determination of HSA binding properties of APIs

To predict the HSA binding affinity of drug molecules several in silico QSAR
models have been developed based on experimental data, however, most of these
are adequate only for specific families of compounds,108–113 while there are also
attempts to create QSAR models based on a diverse set of APIs.83 Beside the different
QSAR models, molecular modeling studies can also be used to explore possible
binding modes between HSA and APIs providing additional structural data on
complex formation, often as complementary information to experimentally measured
data.114–120

For the measurement of the HSA-bound portion of APIs several in vitro
methods exist, including but not limited to chromatographic methods,121,122,124,125

capillary electrophoresis (CE),123 equilibrium dialysis (ED),126,127 ultrafiltration
(UF),128 ultracentrifugation,129 NMR spectroscopy,132,133 X-ray crystallography,131 etc.
As can be seen in Table 1.3, the measurement time and throughput of these methods
varies to a great extent, they have different sample requirements and limitations,
each possesses its own advantages and disadvantages. Most of the methods are able
to provide information solely about the affinity of APIs to HSA, while structural
information regarding the interactions between HSA and APIs can be acquired by
only a few timely and expensive techniques (e.g., X-ray diffraction, NMR). To give a
thoroughly detailed description of the interactions formed in API–HSA complexes,
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data from orthogonal measurement methods have to be evaluated and compared
simultaneously, supplemented by the results of in silico modeling.

1.3.2. Exploiting complex-forming affinity of HSA in drug
formulations

Besides the investigation of HSA-complexation regarding the protein’s role
as an endogenous molecule, there is also an arising interest in exploiting HSA-
complexation of APIs for targeted drug delivery. HSA can be used as a versatile,
biodegradable transport peptide in drug formulations as it can bind APIs and peptide
drugs by physical or covalent binding of the drug to albumin through a ligand or
protein-binding group. In more complex systems, targeting ligands and prodrugs can
be attached to the protein surface, the fusion of nanobodies, bispecific antibodies with
albumin or encapsulation of drugs into albumin nanoparticles, micellar structures or
microbubbles are also possible.134–138 The therapeutic effect of albumin nanoparticles
was researched initially in tumor therapy due to a glycoprotein-mediated transport
pathway of albumin which allows its penetration into tumor cells,134 however, recent
studies show evidence for the uptake of albumin across the nasal epithelium, which
might mean an alternative route for bypassing the efflux mechanism of the blood-
brain barrier (BBB) when targeting the central nervous system (CNS).139 Albumin
nanoparticles are able to improve drug absorption in the case of the nasal delivery,
due to the large surface area of nasal mucosa and its saturable transport system, which
can transfer APIs to all regions of the brain rapidly, with the highest levels detected
in the striatum and the olfactory bulb.139 This route can be a potential therapeutic
pathway to anti-inflammatory drugs, especially non-steroid anti-inflammatory agents
(NSAIDs) to be administered to treat neuroinflammation, which plays a pivotal role
in the progression of neuropathological changes observed in neurodegenerative
diseases like Alzheimer’s disease.140
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TABLE 1.3: Commonly used experimental methods for the investigation of HSA–API binding.

Method type
Measurement

time/throughput Pros Cons

Quantitative binding data

Chromatography and
capillary
electrophoresis121–125

0.5 h / API, HT 3 accurate results
3 no NSB, volume shift or

membrane leakage

7 non-biological systems
7 calibration of immobilized HSA-column

is needed before measurements
7 high solvent consumption and waste

generation
7 poor sensitivity for low-binding APIs
7 expensive chiral columns

Membrane separation
methods

3 reliable results 7 Gibbs-Donnan effects
7 NSB on filter membranes and plastic

devices
7 possible leakage of membrane
7 subsequent HPLC measurements

a equilibrium dialysis
(ED)

3 to 24 h 7 long time to reach equilibrium
7 volume shifts during incubation
7 dilution effects

a rapid equilibrium
dialysis (RED)126,127

2-7 h, HT 3 reaching equilibrium is faster
than in the case of ED

3 small volumes can be
measured

3 NSB and volume shifts
minimized

7 long time to reach equilibrium
7 volume shifts during incubation
7 dilution effects

a ultrafiltration
(UF)128

1-2 h, HT 3 fast separation of free and
protein-bound API

3 small volumes can be
measured

3 NSB and volume shifts
minimized

3 good approximation of
physiological conditions

7 long time to reach equilibrium
7 volume shifts during incubation
7 dilution effects

Ultracentrifugation129,130 10-24 h, MT 3 moderate NSB and Donnan
effect

7 time-consuming, careful pH and
temperature control are needed

7 errors due to the Johnston-Ogston effect
7 sedimentation of unbound API may

occur
7 sample harvesting is difficult due to

floating lipid layer
7 expensive instrumentation

Structural information

X-ray
crystallography131

days to months,
LT

3 yields the most accurate
structural information

3 binding sites can be identified

7 time-consuming, careful pH and
temperature control are needed

7 impurities of the protein may hinder
crystallization

7 difficulty to determine correct
crystallization conditions

7 solubility problems of API may arise
7 precipitation or growth of tiny crystals

may occur

Binding and structural information

NMR132,133 hours to days,
LT

3 noninvasive technique
3 no separation step or

subsequent measurement is
needed

7 APIs with low aqueous solubility
cannot be measured in physiological
buffers

API – active pharmaceutical ingredient, NSB – nonspecific binding, HT, MT and LT – high, medium and low throughput.
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1.4. Phospholipids

1.4. Phospholipids

Phospholipids have a pivotal role in the structural organization of the human body
as they are the main component of cell membranes. Glycerophospholipids are similar
in structure to triglycerides but in their case only two hydroxyl groups of glycerol
are connected to fatty acid chains, while the third is attached to a negatively charged
phosphate group (at pH = 7.4) that bounds to various molecules (usually a chain
containing a nitrogen atom or a sugar unit) (Figure 1.4).4,141,142 As a consequence of
this structural arrangement, the fatty acid chains provide a hydrophobic "tail" region,
while the charged, hydrophilic phosphate group functions as a polar "head" region,
resulting in phospholipids being amphipathic molecules.4,141,142

FIGURE 1.4: General structure of phospholipids illustrated by the example of
phosphatidylcholine.141

Due to this unique structure phospholipids assemble into lipid bilayers in the
aqueous environment of the human body with their polar head facing outward
(Figure 1.5). These lipid bilayers constitute the fundamental structure of all cell
membranes.143–145 The phospholipids cannot escape the cell membrane due to
presence of water inside and outside of the cell, however, they can freely change
place with each other, making the membrane act as flexible a two-dimensional
fluid, which plays an important role in proper membrane functioning.145 The lipid
bilayer may also contain cholesterol, which modulates this fluidity by stiffening the
membrane and increasing its stability in animal cells.145 Besides phospholipids, the
cell membrane also contains different kinds of proteins, which are accountable for
transport of charged ions and molecules through the membrane or other specific
functions (i.e., receptorial, signaling, or enzymatic functions, etc.).144 Due to the
fluidity of the lipid bilayer, membrane proteins can also freely move laterally, their
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FIGURE 1.5: Structure of the lipid bilayer of cell membranes.144

distribution is never uniform but constantly changing in a mosaic pattern, this
arrangement is called the fluid-mosaic model of membrane structure.143

After administration of drugs, APIs usually have to pass through various
biological membranes until they reach their therapeutic target. This transfer is
greatly affected by the composition of the lipid bilayers they encounter. The different
biological membranes have a diverse composition of lipids (Table 1.4) which provides
a species and tissue-specific transport of APIs. The neutral-to-zwitterionic ratio of
the membrane, and the charge state of APIs at physiological conditions determine
what kind of and how strong intramolecular interactions can be formed between API
and membrane, therefore directly affect tissue-specific membrane transport.

TABLE 1.4: Lipid composition of various biological membranes.146

Lipid (charge) Egg
lecithin
extract

Soy
lecithin
extract

Small
intestine

(BBM, rat)

BBB Liver Heart

PC (±) 73 24 20 18 42 9
PE (±) 11 18 18 23 26 14
PI (–) - - 6 14 - -
PS (–) 1 12 7 6 9 1
CHO + CE - - 37 26 5 -
Neutral lipids 13 37 - 1 13 37

(–) : (±) ratio 1 : 28 1 : 4 1 : 3.5 1 : 2 1 : 6.8 1 : 4.3

PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine, PI: phosphatidylinositol, CHO:
cholesterol, CE: cholesterol ester, BBB: Blood–brain barrier, BBM: reconstituted brush border membrane,

14
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1.4.1. Corneal membrane transport

The human eye is the principal sense organ of visual perception, containing
receptors responsible for detecting and converting light stimuli into nerve impulses,
sending them to the brain, where the visual image is processed. From physiological
and therapeutic aspects the eyeball can be divided into two segments: an anterior
segment comprising cornea, conjunctiva, the anterior part of sclera, ciliary body, iris,
aqueous humor, lens and the lachrymal system and a posterior segment consisting of
vitreous humor, retina, choroid and the posterior part of sclera (Fig 1.6).147–149

FIGURE 1.6: Structure of the human eye.

Due to its complexity and special structure several diseases can affect this organ
that might cause visual impairment. For treatment of diseases of the anterior
segment topical, non-invasive routes of drug administration are preferred using
liquid, semisolid and solid ophthalmic drug forms such as eye drops, creams and gels,
microemulsions, contact lenses coated with drugs, ocular inserts, etc.150 Absorption of
active pharmaceutical ingredients (APIs) from these drug forms may involve corneal
and/or non-corneal routes. In both cases, however, within minutes after application
the lacrimal fluid elutes a large portion of the applied drugs.151 Also, topical PD
effect can be mainly attributed to API absorbed through the corneal barrier, since
the drug fraction absorbed through later routes is mostly transferred into systemic
circulation by local capillaries.147 This results in a significantly decreased ocular
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bioavailability (usually < 5-10%).152,153 Thus, prediction of corneal permeability is of
utmost importance for the rational selection of API for ophthalmic formulations at
an early stage of the drug discovery process.

FIGURE 1.7: Structure of the cornea.154

The human cornea is the transparent front part of the eyeball, which consists of
five distinct layers i.e.: the epithelium, Bowman’s layer, the stroma, Descemet’s
membrane, and the endothelium (Fig 1.7).154 From the aspect of transcorneal
absorption the epithelium seems to be the rate-limiting barrier for most topically
administered drugs.155,156 The epithelium consists of 5-7 layers of epithelial cells
connected by tight junctions, presenting a significant barrier for most APIs. It
is known, however, that small lipophilic molecules may penetrate this barrier
more easily than hydrophilic ones.147,156,157 The stroma, a hydrophilic layer of
hydrated collagen fibrils and proteoglycans that accounts for about 90% thickness
of the whole cornea, may function as a barrier to highly lipophilic drugs.147,155 The
second lipophilic layer, the endothelium, is a monolayer of polygonal cells with
“leaky” tight junctions. This layer can play some role in limiting the transport of
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lipophilic compounds,156 though its main role is to maintain corneal transparency
by means of its transport, synthetic and secretory functions.147,158 Although the
lipophilic epithelial layer accounts for only about 10% of the total thickness of the
cornea, it is responsible for 99% of the resistance to the diffusion APIs through
the cornea,158 therefore, in many cases modeling transport of APIs through this
layer only is considered satisfactory for the prediction of absorption through the
whole corneal barrier. The lipid composition of the epithelial layer of cornea
has been reported to consists of 65% (w/w) PC, 31% (w/w) PE and 4% (w/w)
PS+PI (not identified individually).159 Besides the phospholipids, the presence the
P-glycoprotein transporter (Pgp) has also been reported in the corneal epithelial
layer.158

For the predict corneal absorption of APIs several models have been developed,
such as ex vivo methods, using vertebrate animals and in vitro, cellular methods.157

In ex vivo methods whole eyes or excised corneas of sacrificed animals (most often
rabbit, pig or bovine eyes) are used, by placing them in various kinds of perfusion
chambers or diffusion cells (e.g., Franz diffusion cell, Ussing chamber, Valia-Chien
cell).157 In order to minimize the number of laboratory animals sacrificed and limit
the cost of ex vivo studies, in vitro cellular methods have also been widely used
involving primary cell cultures, immortalized cell lines, or reconstructed tissue
cultures of rabbit or human origin.157,160 However, in vitro, non-cellular permeability
models using artificial membranes have not been reported before.
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1.5. Applied methods

1.5.1. pH-metric titration

1.5.1.1. pKa determination

In aqueous solutions the dissociation equilibrium of a monoprotic acid and the
acid dissociation constant (Ka) can be written as

HA −⇀↽− A− + H+ (1.5)

Ka =
[A−] · [H+]

[HA]
(1.6)

where HA and A− are the neutral and dissociated forms of the acid. After
rearrangement of Equation 1.6 and taking logarithms of both sides we acquire the
Henderson-Hasselbalch equation:161,162

pH = pKa + lg
[A−]
[HA]

(1.7)

The equation describes the relationship between the ionization or proton
dissociation constant (pKa), the pH of the solution and the ratio of neutral and
ionized molecular species. This ratio greatly affects the absorption of ionizable
APIs from different parts of the gastrointestinal (GI) tract due to their pH sensitive
intrinsic solubility and permeability through biological membranes.163,164 Since the
charge state of molecules play such an pivotal role in the PK behavior of drugs and
also because the majority of drugs (approx. 80%) contain at least one ionization
center,165 both the US Food and Drug Administration (FDA) and the Organizations
for Economic Cooperation and Development (OECD) require the measurement of
pKa values as a part of physicochemical profiling of new chemical entities (NCE).166

The potentiometric method used by modern automatic titrators equipped with
glass-membrane pH-electrode is still considered as "gold-standard" method in the
pharmaceutical industry due to its general applicability, accuracy, reproducibility,
and convenience.166 The method can be applied for the measurement of pKa,
logP values and solubility of drug molecules that contain ionization center(s). To
standardize the experimental data, the titration is usually carried out under inert
gas (argon or nitrogen), in a thermostated titration vial and in the presence of
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background electrolyte (0.15 M KCl, to mimic the physiological salt level) to minimize
measurement errors and improve precision.166 During the pKa measurement process,
firstly, a "blank" titration curve is registered by titrating a strong acid with a strong
base (usually HCl is titrated by KOH), then the same titration is repeated in the
presence of the analyte (Figure 1.8).

FIGURE 1.8: Titration graphs of blank titration and titration of a monoprotic acid.

The blank titration can be used to confirm that the electrode/measurement system
is functioning properly and it is also used in data treatment and evaluation.166 The
key element in data analysis is the application of difference or Bjerrum plots (Figure
1.9), which can help to reveal systematic concentration error of the titration data
and also allow the precise determination of the measured values even in the case of
multiple overlapping pKa values.166,167 Bjerrum plots show the change in the average
number of ionizable protons (nH) bound to an acid/base plotted as a function of
pH. (nH) can be easily derived from the value of the average number of dissociated
protons (H), which can be acquired by calculating the difference between titration
volumes of blank titrations and titration in the presence of the analyte (Figure 1.8).
In the case of monoprotic molecules the theoretical value of H at the maximum
difference of titration volumes equals 1, for multiprotic molecules it can be 2, 3, etc.166

If there are no systematic concentration or other measurement errors, the measured
points fit nicely to the theoretical Bjerrum curve (continuous green line in Figure 1.10).
If there are no systematic concentration or other measurement errors, the measured
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points fit nicely to the theoretical Bjerrum curve (continuous green line in Figure 1.9).
The Bjerrum plot helps in the identification of any outlier points in titration data and
systematic deviations from the theoretical curve can also be corrected by the help of
it. After fitting the measured data to the theoretical curve, the pKa value(s) can be
determined by finding the inflection point(s) of the curve (Figure 1.9).

FIGURE 1.9: Bjerrum plot derived from titration data of a monoprotic acid for the
determination of aqueous pKa values.

If a complexing agent is present in the titrated aqueous solution, it might affect
the proton dissociation equilibrium, therefore an apparent pKa value (pKa,app) can be
measured. The magnitude of the difference between the apparent and true aqueous
pKa (∆pKa = pKa,app − pKa) indicates the strength of the interactions between the
API and complexing agent and can be utilized to determine the stability constants of
the formed complexes. Upon complexation with macromolecules (e.g., cyclodextrins,
crown ethers, proteins, etc.) the dissociation equilibrium and the acid dissociation
constant of the complexed species can be written as

HA·M −⇀↽− A·M− + H+ (1.8)

Kc
a =

[A·M−] · [H+]

[HA·M]
(1.9)

where M is the macromolecule forming a complex with the API, Kc
a is the proton

dissociation constant of the complexed API. Assuming 1:1 stoichiometry of the
complex, the equilibria of complexation for the neutral and anionic form of the
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monoprotic acid and the corresponding complex stability constants can be described
as168

HA + M −⇀↽− HA·M (1.10)

K11a =
[HA·M]

[HA] · [M]
(1.11)

A− + M −⇀↽− A·M− (1.12)

K11b =
[A·M−]

[A−] · [M]
(1.13)

Equations 1.6, 1.9, 1.11 and 1.13 can be arranged to give:168

Ka

Kc
a
=

K11a

K11b
(1.14)

During pKa measurement, both the free and complexed form of the APIs is present
at the same time, therefore the measured Ka,app values are not equal to Kc

a values.
Ka,app rather shows a change due to simultaneous presence of the complexed and
free form of APIs. This apparent proton dissociation constant can be defined as:

Ka,app =
[H+] · ([A−] + [A·M−])

[HA] + [HA·M]
(1.15)

By combining Equation 1.15 with Equations 1.6, 1.11 and 1.13, the relationship
between the concentration of the complexing agent (macromolecules, [M] and the
corresponding shift in pKa values (∆pKa) can be written as168

Ka,app = Ka ·
1 + K11a · [M]

1 + K11b · [M]
(1.16)

which can be also written in a logarithmic form as

∆pKa = log
(

1 + K11a · [M]

1 + K11b · [M]

)
(1.17)

In the limit, in the case of [M]total ≫ [A]total, when a very large excess of the
complexing agent ([M]total = [M] + [HA·M] + [A·M−]) is present compared to the
total concentration of API ([A]total= [HA] + [A−] + [HA·M] + [A·M−]), the value of
Ka,app ∼= Kc

a.
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Comparing the magnitudes of these pKa shifts (∆pKa) in the case of different API–
macromolecule complexes at equal concentrations of the macromolecule provides
information on the strength of the interaction(s) formed between the guest and
host molecules. The values of the complex stability constants, K1:1,a and K1:1,b can
be also determined if the concentration of free macromolecules, [M] is known. If
[M]total � [A]total we can assume that [M] ∼= [M]total. Under these conditions,
Equation 1.16 can be converted to the Benesi-Hildebrand "double-reciprocal" form:168

Ka

Ka,app − Ka
=

1
(K11b − K11a) · [M]

+
K11a

(K11b − K11a)
(1.18)

Based on Equation 1.18, by plotting Ka/(Ka,app − Ka) as a function of 1/[M], the
stability constants of the macromolecular complex of the neutral and ionic form of the
API (K1:1,a and K1:1,b) can be determined from the slope and intercept of the straight
line fit onto the data points.

1.5.1.2. Determination of partition coefficients

Besides the determination of pKa values, pH-metric titration can also be used for
the determination of partition coefficients (logP). To this avail, after the determination
of the molecule’s pKa value(s), the titration is also carried out in the dual-phase
system of the partitioning solvent (usually octanol, sometimes toluene) and water.
Using the blank titration data, similarly to the determination of pKa values, a Bjerrum
curve can be derived to determine the apparent proton dissociation constant (poKa)
in the water–organic solvent system (Figure 1.10).

Based on the differences between pKa and poKa values, the octanol–water
partition coefficient of the neutral molecule form (logPN

o/w) can be calculated by
the following equation:

log PN
o/w = log

(
10±(poKa−pKa) − 1

r

)
(1.19)

where r is the ratio of the aqueous and octanol phases. In the case of weak bases,
a negative sign is to be used in the exponent of 10, while a positive sign is necessary
in the case of weak acids. The relevant relationships between logPN

o/w, pKa, and poKa

for mono- and multiprotic substances, including cases of ion-pair formation, have
been described in detail in earlier publications.169,170
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FIGURE 1.10: Bjerrum plots derived from titration data of a monoprotic acid in water and
octanol–water dual-phase system for the determination of logP values.

1.5.2. UV-pH titration

Spectrophotometry can be applied for the measurement of proton dissociation
constants (pKa) provided that the compound has a chromophore in proximity to
the ionization center and the absorbance changes sufficiently as a function of pH
(Figure 1.11). If there is a pH-dependent change in absorbance, the ratio of HA and
A− can be determined spectrophotometrically.171,172 At a pH, where the molecule
exists entirely in its neutral form, its absorbance at a given wavelength is given by

AHA = εHA · l · [HA] (1.20)

where εHA and [HA] are the molar absorption coefficient and concentration of
HA, l is the optical path length. At a pH, where the molecule exists entirely in its
dissociated form, the absorbance of A− is given by

AA− = εA− · l · [A−] (1.21)

where εA− and [A− ] are the molar absorption coefficient and concentration of
A−. At an intermediate pH, where both species are present, the absorbance is given
by

Ai = εHA · l · [HA] + εA− · l · [A−] (1.22)
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FIGURE 1.11: pH-dependent spectra and pKa value of warfarin determined by UV-pH
titration.

Combining Equations 1.20 - 1.22, the ratio of A− and HA can be written as

[A−]
[HA]

=
Ai − AHA

AA− − Ai
(1.23)

Combining Equation 1.7 and 1.23 provides a modified Henderson-Hasselbalch
equation which can be used to calculate pKa values based on absorbance changes:172

pH = pKa + lg
Ai − AHA

AA− − Ai
(1.24)

A similar equation can be derived for monoprotic bases, whose dissociation
equilibrium and the corresponding dissociation constant can be written as follows:

BH+ −⇀↽− B + H+ (1.25)

Ka =
[B] · [H+]

[BH+]
(1.26)

where B and BH+ are the neutral and protonated forms of the monoprotic base.
Following the derivation described by Equations 1.7 - 1.23, in the case of bases, we
get the following modified Henderson-Hasselbalch equation:

pH = pKa + lg
Ai − ABH+

AB − Ai
(1.27)
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If the conditions for UV-pH measurements coincide, the method is the fastest
way for the determination of pKa values (approximately 20-25 mins / 3 parallel
measurements). Furthermore, the sample requirement of built-in UV-pH methods of
the state-of-the-art semi-automatic titrator (SiriusT3™) is also minuscule, only 5 µL
of a 10 mM stock solution (DMSO, MeCN, etc.) of the API is needed in a titration
volume of 1 mL. Also, measurements in the presence of co-solvents, macromolecules
or additives may be possible, making it an ideal choice for complexation studies as
well.

If a complexing agent is present in the solution and the absorption of the
macromolecule is negligible and addition of absorbances is assumed, the absorbances
of the molecular species can be given by

AHA = εHA · l · [HA] + εHA·M · l · [HA ·M] (1.28)

AA− = εA− · l · [A−] + εA·M− · l · [A ·M−] (1.29)

Ai = εHA · l · [HA] + εHA·M · l · [HA ·M] + εA− · l · [A−] +

+εA·M− · l · [A ·M−] (1.30)

Substituting Equations 1.28 - 1.30 into Equation 1.24, the apparent pKa values
(pKa,app) can be calculated with shifts from pKa values that are proportional to the
ratio of bound and unbound fractions.

1.5.3. Permeability measurement of APIs

The Parallel Artificial Membrane Permeability Assay (PAMPA) was developed
in 1998 by Kansy and his coworkers.173 PAMPA is assembled of a 96-well microtiter
plate, into which a 96-well microfilter plate is fitted whose hydrophobic microfilter
disc (0.45 µm pores, 70% porosity, 0.3 cm2 cross-sectional area) can be coated with a
solution of lipids dissolved in inert organic solvent (Figure 1.12).146 The assembled
sandwich-like system can be divided into a donor and acceptor side, mimicking
the apical and basolateral sides of cell membranes, while the filter disc coated with
the lipid solution represents the cell membrane in the model. The acceptor and
donor wells are filled with physiological buffers (the donor containing the solution
of the API to be measured) and the fitted plates are incubated, after which the API
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concentrations of acceptor wells (or both acceptor and donor wells) are determined
to calculate effective permeability values of APIs.

FIGURE 1.12: The Parallel Artificial Membrane Permeability Assay (PAMPA).

Since the artificial membrane of PAMPA consists of only a lipid solution, the effect
of transporter molecules cannot be modeled by PAMPA, therefore it is capable of
the prediction of passive transport only.146 However, due to its robustness, good
reproducibility of results, cost-effectiveness and high number of variable parameters
(lipid composition, pH, cosolvent and additive content of donor and acceptor
solutions, incubation time and temperature) PAMPA became widely spread for
the prediction of permeability in the early phases of drug discovery.146 The first
applications of PAMPA investigated and optimized the prediction of absorption from
the GI tract,173–175 later tissue-specific models for the prediction of BBB transport176

and transport through human skin177 were also reported. Our research group has
also actively participated in the development of tissue specific PAMPA methods:
optimized BBB-PAMPA methods,178–180 the skin-PAMPA method181 and a model for
buccal absorption182 have been developed (Table 1.5). Besides tissue-specific models,
our group also developed an in vitro method for the prediction of phospholipidosis
using the PAMPA assay.183
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TABLE 1.5: Experimental conditions of tissue-specific PAMPA models developed by our
research group.

PAMPA
model

Membrane
components Membrane solvent Donor Acceptor Incubation

GI 2.67 m/V% PC +
1.33 m/V% CHO

5 µL dodecane pH 6.5, cAPI: 100 µM
diluted from DMSO stock

pH 7.4 37 °C, 4 h

BBB 10.67 m/V% PBLE 5 µL hexane :
dodecane (75 : 25)

pH 7.4 with 5% DMSO,
cAPI: 100 µM diluted

from DMSO stock

pH 7.4 with
5% DMSO

37 °C, 4 h

Buccal - 5 µL dodecane pH 6.8, cAPI: 100 µM
diluted from DMSO stock

pH 7.4 37 °C, 4 h

Skin Certramide : CHO :
stearic acid
(50:25:25)

10 µL chloroform +
silicon oil

pH 6.4 with 45% PEG 400,
cAPI: 1 mg/mL from solid

pH 7.4 room temp., 4 h
(stirred), 24–40h

(unstirred)

GI: gastrointestinal, BBB: Blood–brain barrier, PC: phosphatidylcholine, CHO: cholesterol, PBLE: polar brain lipid extract,
PEG: polyethylene glycol.
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2. Objectives

After administration of drugs, the APIs released from the formulations have
to reach their site of action to exert their therapeutic effect. During this
route, the formation of API–macromolecule interactions is inevitable due to the
presence of a large variety of natural macromolecules in the human body and the
macromolecular additives already present in the applied formulation. The interaction
of APIs with macromolecules has a substantial effect on the pharmacokinetic and
pharmacodynamic behavior of APIs, therefore, the exploration of the interactions
formed upon complexation is of great interest for the pharmaceutical industry.
During our research we attained a working knowledge of classical measurement
methods used for characterization of API-macromolecule complexes and focused
on the development of novel in vitro methods to extend the number of available
analytical methods for the profiling of API–macromolecule complexes.

As a part of this research, our specific aims were the following:

• To develop a novel method for the determination of complex stability constants
of API–HPBCD complexes based on the partition coefficient method using
pH-metric titration.

• To expand the application of the UV-pH titration method for the classification
of APIs with low and high HSA-binding affinity.

• To investigate the effect of encapsulation of MEL into HSA nanoparticles in the
case of formulations intended for nose-to-brain drug delivery.

• To adopt the PAMPA system for the measurement of corneal permeability based
on the available lipid composition of human cornea and ex vivo rabbit corneal
permeability data.
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3. Results and discussion

3.1. Development of a pH-metric titration technique for
the determination of stability constants of CD–drug
complexes

In the pharmaceutical industry, partition coefficients – most commonly used as
the base-10 logarithm of the octanol–water partition coefficient (logPN

o/w) – are of the
utmost importance as a measure of lipophilicity of molecules. The lipophilicity of an
API affects its LADMET (liberation, absorption, distribution, metabolism, excretion,
and toxicity) profile, biological activity and pharmacokinetics.184–190 Thus, keeping it
in the optimal range also plays a pivotal role in increasing the chance of success to find
suitable drug candidates during the development process.184,188 The logPN

o/w values
can be determined by experimental methods or predicted by in silico calculations.
There are several experimental techniques available for the measurement of partition
coefficients, such as the shake-flask, potentiometric, capillary electrophoresis (CE)
and reversed phase HPLC methods.191 While the classical shake-flask method has
several disadvantages as it is time-consuming and requires large amounts of analyte
and solvents, using the gold standard pH-metric titration method it is possible to
measure logPN

o/w values in a relatively short time, using relatively small quantities
of analyte and solvents. During my research I focused on the improvement of
the pH-metric titration technique, to provide a medium-throughput screening tool
for the selection of optimal combination of API and CD derivatives based on the
lipophilicity changes of APIs due to CD complexation. To test our method we choose
HPBCD as a model CD as it is one of the most commonly used CD in pharmaceutical
formulations and can be readily dissolved in the octanol–water two phase system
without precipitation.

3.1.1. Theoretical basis of the partition coefficient method

In the n-octanol–water two-phase system, the ratio of dissolved drug can be
described by PN

o/w:
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PN
o/w =

nDo

nDw

· 1
r

(3.1)

where nDo and nDw are the amounts of substance of the neutral form of drug
molecules in the octanol and aqueous phases and r is the volume ratio of the
octanol and aqueous phases (Vo/Vw), respectively. In the presence of potentially
hydrophilic CDs the ratio of drugs in the aqueous phase increases due to the
formation of inclusion complexes, therefore an apparent partition coefficient (PN

app)
can be measured:

PN
app =

nDo

nDw + nD·CDw

· 1
r

(3.2)

where nD·CDw is the molar amount of the neutral form of drug molecules complexed
by CD in the aqueous phase. In this description, it is assumed that CDs and their
complexes can only be present in the aqueous phase due to their high hydrophilicity
as indicated by their calculated logPN

o/w values (Table 3.2).
However, not only the dissolved drugs but octanol, the partitioning solvent

used for lipophilicity measurements, is also able to form inclusion complexes with
CDs73,192 resulting in a multiple equilibrium system as can be seen in Figure 3.1. In
this system, the stability of an 1:1 CD–drug complex and CD–octanol complex can be
described by stability constants K1:1,CD and K1:1,oct, respectively (Equation 3.3-3.4).

K1:1,CD =
[D · CD]w
[D]w[CD]w

(3.3)

K1:1,oct =
[O · CD]w

S0,oct[CD]w
(3.4)

where [D]w, [CD]w, [D · CD]w, [O · CD]w are the concentrations of the neutral
form of drug molecules, CD, CD–drug complex and CD–octanol complex in the
aqueous phase, respectively. S0,oct = [O]w is the intrinsic solubility of octanol in the
aqueous phase.

In the case [D]w � [CD]w, the total CD concentration in the system can be
described as

CDw,total = [CD]w + [O · CD]w + [D · CD]w ≈ [CD]w + [O · CD]w (3.5)
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stability constants of CD–drug complexes

FIGURE 3.1: Equilibria of drug molecules, CDs and octanol in the octanol–water two-phase
system.

Combining Equations 3.1 - 3.5, they can be rearranged into the following form:

1
PN

app
=

1
PN

o/w
+

K1:1,CD · CDw,total

(1 + K1:1,oct · S0,oct) · PN
o/w

(3.6)

Based on Equation 3.6, from a plot of the reciprocal of the PN
app against the

concentration of cyclodextrin and fitting a line onto the data points using linear
regression, the stability constant of the CD–drug complex can be calculated from the
slope of the regression line, if the complexation efficacy for octanol, K1:1,oct· S0,oct is
previously determined:

K1:1,CD = slope · (1 + K1:1,oct · S0,oct) · PN
o/w (3.7)

S0,oct can be determined experimentally by measuring the octanol concentration of
aqueous phase in CD-free octanol–water systems. The value of K1:1,oct· S0,oct can be
determined using the solubility method:63 by measuring the octanol concentration
of aqueous phases (coct) of octanol–water systems with various CD concentrations
(cCD). By plotting coct against cCD and fitting a line onto the data points using linear
regression analysis, K1:1,oct can be calculated from the slope of the fitted solubility
isotherm (Equation 3.8 - 3.9 ):
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coct = slope · cCD + S0,oct (3.8)

K1:1,oct =
1

S0,oct
· slope

1− slope
(3.9)

As a consequence of the assay setup used during the potentiometric titration
method, we also had to add another correction factor to the evaluation of our results:
the correction of phase ratio (r). In the case of the classical shake-flask method, there is
no need for the correction of (r) as the measurement is carried out in larger volumes
of the two phase system of water-saturated octanol and octanol-saturated water.
However, in the case of potentiometric lipophilicity measurements, the protocol is
slightly different: only minuscule volumes, some 10 µLs of the partition solvent
(ISA-water-saturated octanol) are required in the case of lipophilic molecules. In
the presence of CDs in the partition system, a significant fraction of the octanol
can dissolve into the aqueous phase (ISA-water containing CDs without octanol-
saturation) due to CD complexation, causing a significant error in the value of r.
Consequently, the calculated value of PN

app underestimates its actual value. Therefore,
in Equation 3.2, a corrected value, r∗ = V∗o/Vw should be used (calculated based on
Equation 3.8 ), where V∗o is the diminished volume of the octanol phase due to CD
complexation.

Furthermore, to support the initial assumption that the amount of CDs and their
complexes is negligible in octanol, we investigated the logP values of CD derivatives.
Surprisingly, we found that there is a lack of experimental data, the previously
reported values are all calculated ones.36,40,193,194 All these formerly published values,
as well as in-house calculated values (Table 3.1) logPN

o/w values of CDs suggest high
hydrophilicity of CDs. However, there is a difference of several orders of magnitude
between these values, which is unsettling concerning the accuracy of prediction. We
found that reliably measured partition coefficients have not been published yet, due
to the analytical difficulties of quantifying natural CDs and their derivatives in the
octanol–water system. Also, based on in-house experiments, in the case of natural
BCD and GCD severe precipitation of CDs occurred in the concentration interval
and phase ratio of logP measurements by the shake-flask method, therefore, it was
impossible to measure their octanol–water partition coefficients.
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TABLE 3.1: in silico predicted logPN
o/w values of native CDs and some derivatives commonly

used in marketed pharmaceutical products.

DSa MarvinSketch
clogPb

miLogPc ALOGPd

ACD - −10.63 −6.12 −2.37

BCD - −12.40 −6.33 −2.27

GCD - −14.17 −6.50 −2.16

RAMEB 12 −4.68 −5.44 −0.43

SBEBCD 6 −10.95 −6.60 −0.54

HPBCD 4 −10.36 −6.13 −2.10

5 −9.43 −6.03 −1.94

HPGCD 4 −12.69 −6.38 −2.09

5 −12.32 −6.35 −2.02

ACD – α-cyclodextrin, BCD – β-cyclodextrin, GCD – γ-cyclodextrin, RAMEB – randomly methylated β-cyclodextrin,
SBEBCD - Sulfobutylated β-cyclodextrin sodium salt, HPBCD – (2-hydroxypropyl)-β-cyclodextrin, HPGCD – (2-
hydroxypropyl)-γ-cyclodextrin.
a average degree of substitution with hydroxypropyl groups per CD ring.
b clogP was predicted by the Chemaxon/Marvin Sketch 17.27.0 plugin.195

c miLogP was predicted by Molinspiration Cheminformatics’s online molecular properties calculator.196

d ALOGP was predicted by VCCLAB’s ALOGPS 2.1 online predictor.197,198

Nevertheless, we would have liked to verify the assumption based on the
predicted logPN

o/w data that the amount of CD in the octanol phase is negligible
in our model, thus the logPN

o/w value of a fluorescent-labeled HPBCD derivative,
FITC-NH-HPBCD was determined by the shake-flask method using fluorescence
detection (Table 3.2, A.1). Comparison of the measured logPN

o/w value (–1.64) with
the predicted ones suggests that two predictors (MarvinSketch and Molinspiration
Cheminformatics’s predictor) underestimate the lipophilicity of CDs. Among the
programs used, VCCLabs’s online predictor, ALOGP seems to be the most accurate
for prediction of partition coefficient in the case of CD derivatives. Based on the
lipophilicity increment of fluorescein isothiocyanate (FITC) (from the difference
between the calculated logP values of HPBCD and FITC-NH-HPBCD) and in
possession of a measured logPN

o/w value for FITC-NH-HPBCD we can conclude
that HPBCD has a logPN

o/w value of approximately –2.5 to –3.0, which supports our
initial assumption in the mathematical description of the model.
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TABLE 3.2: in silico predicted and experimental logPN
o/w values of FITC-NH-HPBCD.

DSa MarvinSketch
clogPb miLogPc ALOGPd Experimental

logPN
o/w (DS∼ 4.1)

4 −6.81 −5.57 −0.74 −1.64± 0.05
5 −5.88 −5.43 −0.60

FITC-NH-HPBCD – 6-deoxy-6[(5/6)-fluoresceinylthioureido]-(2-hydroxypropyl)- β -cyclodextrin.
a average degree of substitution with hydroxypropyl groups per CD ring.
b clogP was predicted by the Marvin Sketch 17.27.0 plugin.195

c miLogP was predicted by Molinspiration Cheminformatics’s online molecular properties calculator.196

d ALOGP was predicted by VCCLAB’s ALOGPS 2.1 online predictor.197,198

3.1.2. Determination of stability constant of HPBCD

For the successful application of our model for determination of stability constants,
first we had to measure the solubility of octanol in the ISA-water used during the
titration experiments. The concentration of octanol in water was determined by a
GC-FID method (Section 4.2.2). The results show that the concentration of octanol in
the water phase (S0,oct) of the octanol–water system can be considered as a constant
value, regardless of the applied phase ratio. Based on measurements with 12 different
phase ratios S0,oct was determined to be 3.37 (± 0.55) mM. By the addition of HPBCD
the octanol concentration in water (coct) increased as the function of cyclodextrin
concentration (cHPBCD) (Figure 3.2, Table A.2).

FIGURE 3.2: Effect of increasing cHPBCD on the total concentration of octanol (coct) in the
aqueous phase of octanol–water system.
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After fitting a line onto the data points using linear regression with constraint
(y intercept = S0,oct), the complex stability constant K1:1,oct = 549 M−1 could be
calculated from the slope of the regression line based on Equation 3.9. Then the
complexation efficacy, S0,oct · K1:1,oct = 1.847 was calculated. The high squared
correlation coefficient (R2) of the regression line and the slope being lower than
unity suggest 1:1 stoichiometry of octanol–HPBCD complexes.199 We also applied
linear regression in the case of data measured in presence of the four investigated
APIs (PRO, KET, DIC, BUP) to determine how the presence of APIs in the octanol–
water system affects the complexation process with octanol. We compared the slopes
of regression lines of the systems containing APIs to the slope measured in the
API-free system using extra sum-of-squares F-tests200 (Table 3.3, A.2, Figure A.1).
In each case, the p values of the statistical test implied that the presence of APIs
has no significant effect on coct in the CD concentration interval of the pH-metric
measurements, therefore the same complexation efficacy value could be used for
determination of K1:1,CD in the case of all four investigated APIs.

TABLE 3.3: Comparison of slopes of regression lines of measured data points in API-free
system and with APIs for determination of the effect of increasing cHPBCD on coct in the

aqueous phase.

Parametersa without API PRO KET DIC BUP

slope 0.6488 0.6775 0.6384 0.6206 0.6614
R2 0.9615 0.9928 0.9938 0.9768 0.9846
s 0.0175 0.0079 0.0070 0.0121 0.0109
F - 2.2310 0.3028 1.6750 0.3735
p - 0.1495 0.5877 0.2090 0.5474

R2 and s, parameters of the linear regression coct= slope· cHPBCD+ S0,oct, are the squared correlation coefficient and the
standard error of estimate, respectively. F is the F-value of F-test where DFn=1, DFd=22 are the degree of freedom for the
numerator and denominator, respectively. p is the probability value calculated when testing the null hypothesis that slopes
are identical for the compared data sets. The significance threshold was set at 0.05.
a Fitting of a straight line with constraint over data followed by comparison of slopes using extra sum-of-squares F-test was
performed using GraphPad Prism v. 7.03200

In possession of solubility of octanol in ISA-water and the complex stability
constant of HPBCD–octanol complexes, next we could determine the K1:1,CD values of
CD–API complexes. To test our model, we choose two molecules with basic character
(BUP, PRO) and another two molecules with acidic character (DIC, KET). Figure
3.3 shows the octanol–water phase distribution diagrams of the four investigated
APIs. In each case a straight line with constraint (y intercept = 1/PN

o/w) could be
fitted over the data points (R2 > 0.975) (For the detailed results see Table A.3-A.6.)
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From the slope of the regression lines K1:1,CD values (Table 3.4) could be calculated
using Equation 3.3.

FIGURE 3.3: Octanol–water phase distribution diagrams of PRO, KET, DIC and BUP.

We also compared the K1:1,CD values obtained by our pH-metric partition
coefficient method to values determined using various other methods. We could
observe that they are the same in magnitude, but different in their value. This
difference might originate from varying experimental conditions and that each
method derives stability constants based on the change of various molecular
properties (solubility, absorption, fluorescence, phase-distribution, electrophoretic
mobility, etc.), which might be affected to different extent by CD complexation. Also,
the temperature, pH, and as a consequence, the neutral or ionic molecular form of
compounds, DS of CD derivatives, electrolyte background, all have a great influence
on the value of complex stability constant obtained with any method. Since in
many cases there are no standardized conditions of the methods applied, even the
comparison of values of stability constants provided by the same method can be
troublesome. It can also worsen the situation if the molecular form of APIs cannot
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be determined due to the lack of experimental details201,202 (or when it is reported
erroneously203), since stability constant of complexes of neutral and ionic forms can
easily differ even by orders of magnitude. It is also noteworthy, that the possibility of
formation of higher order complexes during phase-distribution measurements was
reported earlier,204 which are usually not taken into account in theoretical treatment
of data, and might be the cause of difference between K1:1,CD values by affecting the
slope of the regression lines. However, during our phase-distribution measurements
we kept [D]w � [CD]w by the drug’s partitioning to the octanol phase and HPBCD
excess, decreasing the probability of the formation of octanol–drug–CD higher order
complexes. Therefore, we might assume that higher order complex formation does
not have a significant effect on the slope of the regression lines when using our
method. Comparing the relative errors of the different methods (in the cases of data
where an experimental error was also reported in the references), we can observe
that our method’s errors are the same in value or even lower than other methods’
error, especially in the case of complex stability constants with a low value. This
further suggests our method’s applicability for the determination of accurate complex
stability values.

FIGURE 3.4: Octanol–water phase distribution diagrams of promethazine HCl (PRO).
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TABLE 3.4: Stability constants of 1:1 API-HPBCD complexes (K1:1,HPBCD) determined by
various methods.

API Method K1:1,HPBCD
(M−1)

molecular form
of API

DSa T (°C) Further experimental
conditions

Reference

PRO Partition coefficient 2345 ± 40 neutral 4.5 25 I = 0.15 M KCl In-houseb

UV-pH pKa 5940 ± 70 neutral 4.5 25 I = 0.15 M KCl In-houseb

540 ± 10 ionic 4.5 25 I = 0.15 M KCl In-houseb

UV-vis spectroscopy 7516 ± 742 neutral 4.2 20 pH = 10.8 205

1855 ± 32 ionic 4.2 20 pH = 6.8 205

CE 458 ± n.a. ionic n.a. 25 pH = 3.0 206

480 ± n.a.
KET Partition coefficient 675 ± 15 neutral 4.5 25 I = 0.15 M KCl In-houseb

Phase solubility 673 ± n.a. neutral 4.2 32 pH = 3.0, 3 days 207

930 ± n.a. neutral n.a. 37 pH = 2.0 208

935 ± 15 neutral 4.5 25 pH = 2.0, 1 day,
I = 0.15 M KCl

In-houseb

128 ± n.a. ionic 4.2 32 pH = 6.0, 3 days 207

970 ± 9 ionic 6.3 25 pH ≈ 6, 4 days 209

880 ± 8 ionic 6.3 37 pH ≈ 6, 4 days 209

830 ± 8 ionic 6.3 45 pH ≈ 6, 4 days 209

330 ± n.a. n.d. n.a. 25 2 days 202

UV-pH pKa 1365 ± 70 neutral 4.5 25 I = 0.15 M KCl In-houseb

450 ± 40 ionic 4.5 25 I = 0.15 M KCl In-houseb

CE 300 ± 10 ionic 3 25 pH = 7.2
DIC Partition coefficient 140 ± 5 neutral 4.5 25 I = 0.15 M KCl In-houseb

Phase solubility 116 ± n.a. neutral n.a. n.a. pH = 1.2 210

620 ± n.a. neutral n.a. 20 pH = 2.4,
I = 0.2 M NaCl

211

237 ± n.a. ionic n.a. 20 pH = 6.5,
I = 0.2 M NaCl

211

UV-pH pKa 310 ± 15 neutral 4.5 25 I = 0.15 M KCl In-houseb

135 ± 15 ionic 4.5 25 I = 0.15 M KCl In-houseb

Fluorescence
spectroscopy

401 ± n.a. n.d. n.a. 25 in water 201

CE 180 ± 20 ionic 3 25 pH = 7.2
BUP Partition coefficient 1530 ± 30 neutral 4.5 25 I = 0.15 M KCl In-houseb

UV-pH pKa 1755 ± 30 neutral 4.5 25 I = 0.15 M KCl In-houseb

105 ± 15 ionic 4.5 25 I = 0.15 M KCl In-houseb

UV-vis spectroscopy 4266 ± 1 ionicc n.a. 25 pH = 5.0 203

n.d. – the molecular form of API cannot be determined based on reported data, n.a. – no data available.
a average degree of substitution with hydroxypropyl groups per CD ring.
b for the detailed experimental method and results see Section A.2.
c K1:1,CD value was incorrectly assigned to neutral molecular form in Reference.203

We further investigated the effects of HPBCD complexation causes during
potentiometric logP measurements to better understand the physicochemical changes
that allow its use for determination of stability constants. To represent the typical
effect of CDs, the results of pH-metric titration of PROis schemed in Bjerrum plot of
the titrations (Figure 3.4). Based on the pH-metric method, logPN

o/w values could be
calculated from the difference between pKa and poKa values (Equation 1.19).170 After
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addition of HPBCD to the systems, pKa,app and poKa,app values can be measured
due to complexation with CDs. From the difference of these apparent pKa values
an apparent logP value (logPN

app) can be calculated. The difference between these
logP values is proportionate to the stability of the CD–API complex. This difference
can explained by the sum of two individual changes in the measured pKa values.
The first describes the alteration of the API’s acidic or basic properties due to the
CD complexation (yellow arrow), the second and stronger one is related to the CD’s
solubility enhancing effect in the aqueous phase (green arrow). Therefore, we can
conclude that our method is based on the changes of two physicochemical properties
that greatly affect the absorption of APIs through biological membranes. By means
of this improved method, the complex stability constants could be determined faster
without measuring the actual API concentrations using only Bjerrum plots.

3.2. Development of the UV-pH HSA method for the
identification of high-affinity binders

Since the knowledge of HSA binding properties of APIs is essential due to its
effect on their PK and PD behavior, we aimed to develop an orthogonal measurement
method for the identification of APIs with high binding affinity, which might be used
as a screening assay in the case of NCEs from the early stages of drug discovery.
To this avail, we chose UV-pH titration as a fast and cost-effective method that can
provide binding data faster than conventional methods.

3.2.1. UV-pH titrations

We used the UV-pH titration method to investigate the possibility of measuring
HSA binding affinity of APIs based on the shifts in pKa values of the free and
complexed molecular forms. First, we collected the UV-vis absorbance data of HSA
during the UV-pH titration assay to determine how the presence of the protein
interferes with the signal of APIs. As can be seen in Figure 3.5 (left), we could
identify two pKa values (pKa1 = 3.87, pKa2 = 11.56) which were detectable by UV-pH
titration. When we added HSA to the blank UV-pH titration assay (Figure 3.5, right),
it annulled the spectral changes belonging to the pKa1 value, however, the second
pKa value remained detectable in the spectrum even after blank correction. Therefore,
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even though the intensity of the signals of pKa2 decreased, we must have considered
the presence of overlapping absorption bands during titrations of APIs.

FIGURE 3.5: pH-dependent UV-vis absorbance changes and detectable pKa values of HSA in
the absence (left) and in the presence (right) of blank correction.

As the next step, we measured pKa values of 27 APIs in aqueous medium without
HSA and in the presence of HSA (pKa,HSA). Figure 3.6 shows some examples of the
acquired spectra and experimental pKa values in the presence and without HSA.
We observed significant pKa shifts (∆pKa) for several APIs, while others showed no
change of pKa values upon addition of HSA (Table 3.5, Appendix Table A.14). In
the case of molecules that had multiple ionization centers, their pKa values changed
to varying extent; we proposed that this might indicate which part of the molecule
contributes more to the binding to HSA. This was later confirmed by molecular
docking studies (see the next section for further details). However, we could also
experience the limitations of our method, when in some cases we found that the
absorption bands of HSA suppressed the absorbance of the API, therefore pKa,HSA

could not be determined. We usually observed this in the case of APIs possessing
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only minuscule pH-dependent absorbance changes in their spectrum in aqueous
medium (e.g. diltiazem, imipramine, indomethacin, propranolol) or in the case of
APIs with pKa values higher than ∼10 (e.g. amodiaquine pKa3, furosemide pKa2)
where the signals of pKa2 of HSA interfered. We could remedy this latter problem if
the API had significant absorption at wavelengths >320 nm (e.g. chloroquine pKa2,
nitrazepam pKa2, oxazepam pKa2), where no interference with HSA absorption bands
could be observed. This made the evaluation of data possible based on spectral data
of APIs from the wavelength range higher than 320 nm.
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FIGURE 3.6: Absorbance spectra and detectable pKa values of diclofenac (DIC), phenylbutazone
(PHB), piroxicam (PIR) and procaine (PRC) in the presence and absence of HSA.44
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TABLE 3.5: Literature data and experimental values of HSA binding by chromatographic and
rapid equilibrium dialysis (RED) measurements, and UV-pH titration.

API name
Literature data Experimental data

PPB%212–215 HSA%
(HPLC)216,217

HPLC
HSA%

RED
HSA%

UV-pH titration
∆pKa1 ∆pKa2

Amodiaquine 78.8 - 0.12 ± 0.04 0.64 ± 0.03
Cefuroxime 33 ± 3; 31.5 40.1 - n.d.c n.d.c

Chloroquine
(S): 66.6 ± 3.3;
(R): 42.7 ± 2.1 50.5a - 0.21 ± 0.03 0.75 ± 0.05

Diazepam 98.7 ± 0.2; 99 93.2 89.2 n.d.b 0.09 ± 0.03
Diclofenac >99.5; 99.5 99 100 95.8 ± 0.2 0.47 ± 0.01
Diclofenac ethyl ester 98.1 n.d.b -
Diflunisal 99 98.7 100 ∼100 0.38 ± 0.04 n.d.c

Diflunisal ethyl ester 97.5 n.d.b -
Diltiazem 78 53.9 56.6 - n.d.c

Famotidine 20 14.5 25.1 4.4 ± 2.6 0.02 ± 0.03
Furosemide 98.4 63.8 99.4 - 0.10 ± 0.01 n.d.c

Imipramine 90.1 ± 1.4;
92.6

83.1 84.9 - n.d.c

Indomethacin 90; 92-99 99.5 100 95.8 ± 0.2 n.d.c

Isoniazid ∼ 0 6.8 10.9 - 0.05 ± 0.03 n.d.c

Isoxicam 97.3 80.4 ± 0.8 0.22 ± 0.05
Lornoxicam 100 98.0 ± 0.2 0.87 ± 0.23d 1.00 ± 0.07
Meloxicam 99 99.9 96.7 ± 0.1 0.16 ± 0.23d 0.55 ± 0.05
O-Methyl-Meloxicam 84.2 65.9 ± 1.8 -
Metronidazole 10; 11 ± 1 5.4 11.9 - 0.00 ± 0.01
Nitrazepam 82.3 76.7 n.d.b 0.05 ± 0.03 0.98 ± 0.06
Oxazepam 98.4 94.2 79.9, 89.5 n.d.b 0.06 ± 0.03 0.27 ± 0.03
Phenylbutazone 97.8; 98-99 98.4 99.9 96.3 ± 0.5 0.53 ± 0.05
C-Methyl
Phenylbutazone

85 64.1 ± 1.8 -

O-Methyl-
Phenylbutazone

92.9 92.9 ± 1.9 -

Physostigmine 20 9.7 ± 6.6 0.05 ± 0.03
Piroxicam 99; 99 96.8 100 93.3 ± 0.3 0.00 ± 0.04 0.55 ± 0.09
Procaine 6 36 21 6.4 ± 0.4 0.02 ± 0.06 0.00 ± 0.06
Propranolol 87 ± 6; 87 62 62.5 - n.d.c

Sulindac 94; 93.5 92 98.2 64.9 ± 6.9 0.16 ± 0.06
Tenoxicam 100 96.8 ± 0.0 0.13 ± 0.11 d 0.72 ± 0.09
Trimethoprim 37.5; 41.5 37.6 37.3 3.1 ± 4.6 0.01 ± 0.02
Warfarin 99 ± 1; 99 97.9 99.9,

100.0
91.5 ± 0.7 0.41 ± 0.05

a Experimental data has been measured using a racemic compound.
b HSA binding could not be determined due to chemical decomposition during incubation.
c HSA suppressed the absorbance of the API, pKa,HSA could not be determined.
d high standard deviations originate from extrapolated pKa values, out of the measurement range of UV-pH titration.
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3.2.2. Comparison of the results with reference values.

We also investigated HSA binding of the APIs by several orthogonal methods: by
chromatographic measurements on an immobilized HSA column (Chiralpak-HSA),
by rapid equilibrium dialysis (RED) and by molecular docking of the structures
of some APIs (Figure 3.7) into the publicly available crystal structures of HSA, to
compare them with our results obtained by UV-pH titration. We found that in the
case of compounds with high HSA binding, significant shifts (∆pKa > 0.1) could
be observed for at least one pKa value, while no change of pKa values could be
measured for low-affinity binders (HSA% less than ∼40%). However, in a few cases
(e.g. diazepam (DZP)) the results of UV-pH titration (∆pKa = 0.09) contradicted the
data from orthogonal methods (HSA binding > 90%).

FIGURE 3.7: Structure of APIs investigated by molecular modeling studies. CHQ:
chloroquine, DIC: diclofenac, DIF: diflunisal, DZP: diazepam, MEL: meloxicam, NZP:

nitrazepam, PHB: phenylbutazone, PIR: piroxicam, TEN: tenoxicam.

Among the drugs studied in detail, pKa shifts (from free to HSA-bound form)
around or greater than 0.4 units were observed for chloroquine (CHQ) (∆pKa2,
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FIGURE 3.8: Refined experimental binding modes for the deprotonated (green) and
protonated (magenta) forms of diclofenac (A), phenylbutazone (B) and diflunisal (C).
Coulomb interaction scores with the most important interacting residues are shown in
matching colors, the smaller the better. (While in phenylbutazone, formally the ring CH
gets deprotonated, practically the negative charge is located on one of the oxo groups due to

tautomerization.)

0.75), diclofenac (DIC) (∆pKa, 0.47), diflunisal (DIF) (∆pKa1, 0.38), meloxicam (MEL)
(∆pKa2, 0.55), nitrazepam (NZP) (∆pKa2, 0.98), phenylbutazone (PHB) (∆pKa, 0.53),
piroxicam (PIR) (∆pKa2, 0.55), and tenoxicam (TEN) (∆pKa2, 0.72). In all cases, the
pKa shifted towards a more acidic value, favoring the deprotonated form of the APIs
when bound to HSA. To better understand the structural basis of these changes, the
X-ray structures of HSA available from the protein database (PDB) were scrutinized.
From the mentioned APIs, co-crystallized structures with HSA exist for DIC (PDB:
4Z69218), DIF (PDB: 2BXE219) and PHB (PDB: 2BXC219). Notably, DIC and PHB bind
to Site I (“warfarin site”), while DIF binds to Site II (indole-benzodiazepine site).
Although the exact hydrogen positions are not available at the resolution of these
structures, the immediate vicinity of the ligand protonatable groups to positively
charged amino acids (such as the K195-K199-R218-R222 cluster in drug site I, or R410-
K414 in drug site II) strongly imply the preference toward the deprotonated forms of
the APIs. The experimental binding modes were evaluated with the extra precision
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FIGURE 3.9: Refined predicted binding modes for the deprotonated (green) and protonated
(magenta) forms of meloxicam (A), nitrazepam (B), piroxicam (C) and tenoxicam (D).
Coulomb interaction scores with the most important interacting residues are shown in

matching colors, the smaller the better.

(XP) mode of Glide for both the protonated and deprotonated forms (refinement
only): the obtained per-residue Coulomb interaction scores between the ligands and
the mentioned charged residues confirm this implication (the smaller value indicates
stronger interaction) (Figure 3.8).

For the remaining five APIs no crystal structure was available in the PDB, therefore
Glide XP was used to predict their binding modes in the two drug sites of HSA,
by docking to the X-ray structures 2BXC and 2BXE. The poses were inspected with
regard to the vicinity of the protonatable groups (specifically, the ones with the
significant pKa shifts) to potential ionic interaction partners. For four APIs, such a
binding pose was identified in drug site I (as the most favorable binding pose in each
case), and the differences of the Coulomb interaction scores confirm the preference
toward the deprotonated forms (Figure 3.9). For CHQ (the only API with a formal
positive charge in its protonated form), no such binding mode was identified in either
drug site. We propose that in the case of CHQ, the deprotonated form is favored,
because ligand entry to both drug sites is hindered for the protonated form, due to
the repulsive interactions with the positively charged residue clusters at the entry
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points of the sites (K195-K199-R218-R222 in drug site I, and R410-K414 in drug site II,
see also in Figure 3.9).219

FIGURE 3.10: Comparison of crystallographic and predicted binding modes of diazepam
(A-B) and nitrazepam (C-D), with distances of the relevant protonatable groups to the closest

charged residues.

To find the possible explanations to the contradictory UV-pH titration results
of DZP, we compared X-Ray structures (where available) and predicted binding
modes of DZP and its structural analog NZP (Figure 3.10). In the X-ray structure
2BXD, DZP occupies drug site II (A), with its only protonatable nitrogen being too
far from the R485 residue to make direct contact. Although its predicted binding
mode in site I (B) would justify a pKa shift (the same nitrogen being only 3.0 Å away
from R257), binding to this site is not observed in the crystal structure, suggesting a
clear preference towards site II. Thus, the protonatable nitrogen will not be able to
directly interact with HSA, which can explain the smaller than expected pKa shift
during UV-pH titration. On the contrary, in the predicted binding mode of NZP
to drug site II (C), the deprotonatable amide nitrogen is too far from R410 to make
direct contact, but the predicted binding mode in drug site I (D) nicely supports the
observed pKa shift of 0.98 units (by placing the amide nitrogen only 3.4 Å away from
R257), suggesting that in the case of NZP binding to drug site I is clearly preferred.
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3.2.3. The use of UV-pH titration to assist medicinal chemistry

As the previous examples show, UV-pH titration combined with molecular
modeling can be a powerful tool to identify the role of ionization centers in the
formation of strong API–HSA interactions. The information gathered this way
might be also used to help medicinal chemists to design molecules with decreased
HSA binding, which might improve the APIs pharmacokinetics and increase their
bioavailability. To showcase this, some of the APIs where considerable pKa shifts
were measured (DIC, DIF, MEL and PHB) were modified by ester formation or
alkylation in order to neutralize their protonatable groups, then, these analogs were
evaluated using the same protocols as described above.

FIGURE 3.11: Chromatograms of diclofenac (DIC), diflunisal (DIF), meloxicam (MEL),
phenylbutazone (PHB) and their modified forms with neutralized ionization centers. (Due to
low absorbance of O-Methyl MEL, its extracted-ion chromatogram (EIC) (m/z=366.0) was

also used for peak identification.)

The chromatographic measurements on the Chiralpak-HSA column showed a
significant decrease in retention time for each modified API, indicating a lower
HSA binding affinity (Table 3.5, Figure 3.11). We observed a moderate decrease in
binding for DIC ethyl ester (100%→ 98.1%) and DIF ethyl ester (100%→ 97.5%) and
extensive decreases in the case of O-Methyl MEL (99.9%→ 84.2%) and O-Methyl and
C-Methyl PHB (99.9%→ 92.9% and 99.9%→ 85.0%). These decreases in the case of
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neutralized APIs unambiguously show the pivotal role of ionization centers during
complex formation. The results of RED measurements also confirmed the significant
decrease in the binding of modified MEL (99.9%→ 65.9%) and PHB (99.9%→ 92.9%
for O-Methyl PHB and 99.9%→ 85.0% for C-Methyl PHB), while HSA binding could
not be determined this way for the esters of DIC and DIF due to their instability
under the measurement conditions of RED (Table 3.5).

To further support the results of RED and chromatographic measurements, we
also carried out molecular docking studies to compare binding modes of the modified
analogs. For the ethyl ester of DIF, the O- and C-methylated PHB, and the ethyl ester
of DIC, the top binding modes predicted by Glide XP docking were closely similar
to their respective unmodified counterparts. Nonetheless, the Coulomb interaction
scores against the charged residues were small, as expected (Figure 3.12). Mostly
slightly attractive (and in some cases, slightly repulsive) Coulomb contributions could
be observed, similarly to the protonated forms of the original APIs. By contrast, the
deprotonated forms of the original APIs exhibited large negative (strongly attractive)
Coulomb contributions (see Figures 3.8 and 3.9) clearly showing the contribution of
ionization centers to the binding affinity of APIs. For O-Methyl MEL, unrestrained
Glide XP docking could not identify a binding mode similar to that of the unmodified
API. When restricted to the reference binding mode of MEL, the modified analog
exhibits repulsive Coulomb interaction scores, while in its unrestricted binding mode,
the interaction scores confer slightly and in one case (K199), moderately attractive
contributions could be observed.

Based on these results, we can conclude that we succeeded in using UV-pH
titration as a screening tool for identifying structural moieties that make a major
contribution in formation of complexes with strong binding. By the modification of
the APIs, the ionization centers responsible for strong interactions with HSA could
be neutralized, resulting in a lower HSA binding. Furthermore, we can hope for an
improved bioavailability even in the case of achieving only smaller decreases in HSA
binding as it has been shown that a small decrease from 99% to 95% can result in a
5-fold difference in the amount of the unbound fraction of strong binders, greatly
affecting their distribution.220 Therefore, the observed decreases in HSA binding
(from 2-3% to 10-35%) support the technique’s applicability to help the design of
novel molecules with favorable PK behavior.
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FIGURE 3.12: Predicted binding modes for DIF ethyl ester (A), C-Methyl (B) and O-Methyl
PHB (C), O-Methyl MEL (D), and DIC ethyl ester (E). For methoxy-MEL, the binding mode
with the core position restricted to the binding mode of MEL is shown in orange. Coulomb
interaction scores with the most important charged residues are shown in matching colors

(the smaller the better).
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3.3. Physicochemical profiling of MEL–HSA nanoparticles

The research of nasal drug delivery is a main field of interest at the University
of Szeged as an alternative approach in CNS-targeted drug delivery. The Faculty of
Pharmacy is actively engaged in the research of nanoparticles and nanocapsulation
of APIs to increase product stability and improve drug bioavailability. One of
their recent project was focused on the development of MEL–HSA nanoparticles
for nose-to-brain delivery. Using a quality by design (QbD) approach and a Box-
Behnken experimental design, they prepared HSA nanoparticles with optimized
MEL, HSA and Tween content that are suitable for nasal administration (2 mg/mL
MEL, 10 mg/mL HSA and 3 mg/mL Tween 80). After the promising results of their
physical stability and in vivo animal studies we were requested to join their research
to support the physicochemical profiling of HSA nanoparticles with our in vitro data.
In cooperation with them, we investigated the dissolution and permeability of the
optimized HSA nanoparticles MEL–HSA–Tween. As a comparison, the formulation
without Tween 80 (MEL–HSA) and pure MEL as a crystallized powder were also
investigated.

3.3.1. In vitro dissolution of MEL–HSA nanoparticles

To determine the release of MEL from the HSA nanoparticles, the use of the
RED plate was found to be a suitable tool for monitoring the drug release from
MEL conjugated HSA nanoparticles. The molecular weight cut-off (MWCO) of
the semipermeable membrane used with the RED plate was 8 kDa, which allowed
permeation of the free API only released by HSA into the acceptor media. The
in vitro dissolution profiles of nanoparticles and solid MEL were investigated at
intranasal circumstances (pH = 5.6).The measured time-dependent in vitro release
profiles of MEL and its formulations are shown in Figure 3.13. Due to its chemical
structure, MEL has a week acidic character (pKa1 = 1.09 (basic nitrogen), pKa2 = 4.12
(acidic hydroxyl group)),221 which might explain the poor solubility of its crystallized
form in this medium (17.4 ± 0.5 µg/mL, at 60 min 37 °C). The dissolution profiles
of MEL–HSA–Tween and MEL–HSA both clearly demonstrate that their nanoscale
size and increased specific surface area resulted in a significantly higher dissolution
rate than that of pure MEL ( , p < 0.0001 in the case of both formulations).
For MEL–HSA and MEL–HSA–Tween samples, a rapid initial phase is observed
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for 60 min, followed by a slowing but rising profile. The enhanced dissolution
rate of nanoparticles in the first phase of dissolution is particularly favorable in the
case of nasal administration, as it has been shown that the nasal residence time of
the administered APIs, which is limited by the periodic nasal liquid renewing and
mucociliary clearance (approximately 10-15 min) and directly affects the success of
nasal absorption, depends on how fast the API dissolves within the mucus layer and
penetrates into the mucosa.222 About 60% of MEL was dissolved within 4 hours. At
this point (240 min) the dissolution of MEL from MEL–HSA–Tween was significantly
higher than from the MEL–HSA formulation ( , p = 0.0077), which can be explained
with the additional solubilizing effect of Tween.

FIGURE 3.13: Dissolution profiles of MEL–HSAnanoparticles in comparison with solid MEL.

3.3.2. In vitro permeability measurements

The PAMPA permeability results of MEL–HSA and MEL–HSA–Tween in
comparison to solid MEL are shown in Table 3.6. As we can see the solubility
of MEL could be increased approximately 40-fold by complexation with the HSA
nanoparticles. In accordance to the expected effect, the presence of a complexing
agent on the donor side significantly decreased the effective permeability in the case
of the formulations. However, both nanoparticle formulations showed significantly
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higher flux compared to pure MEL (****, p < 0.001 in the case of both formulations).
The difference between the fluxes of MEL–HSA and MEL–HSA–Tween was also
significant (****, p < 0.001), showing that beside HSA also Tween has considerable
influence on the flux. The increased flux of MEL from albumin nanoparticles can be
explained by the fact that it enhanced solubility of MEL due to solubilizing effect of
HSA (and Tween) overpowered the permeability decreasing effect of complexation
resulting in a favorable solubility-permeability interplay.223

TABLE 3.6: Permeability and flux results of MEL–HSAnanoparticles.

SMEL SD Pe,MEL SD FluxMEL SD

(µM)
(
10−6cm/s

) (
mol

cm2 · s

)
MEL 50.6 0.7 39.10 1.31 1.98 ·10−6 6.66·10−8

MEL–HSA 2035.9 30.2 4.70 0.11 9.57 ·10−6 2.21 ·10−7

MEL–HSA–Tween 2046.8 34.9 5.73 0.06 1.17 ·10−5 1.13 ·10−7

Based on the results of the in vitro dissolution and permeability measurements we
can conclude that the developed HSA nanoparticles can be a promising alternative
in the future for the improvement of absorption of MEL in CNS-targeted therapy.
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3.4. Development of the corneal-PAMPA model

During our research to develop a cornea-specific permeability model, first we
aimed to optimize the experimental conditions of the PAMPA model to achieve
good correlation with the available ex vivo rabbit corneal permeability data. After
determination of the optimal conditions we attempted fine-tuning of the composition
of the applied artificial membrane based on the reported lipid composition of the
cornea.159 From the initially chosen thirty compounds ( Table 3.7) we had to exclude
five upon evaluation of the models due to following reasons: dexamethasone (11) was
a mechanistic outlier since its transcorneal permeability is known to be significantly
influenced by Pgp-efflux,158 which cannot be investigated by PAMPA, which is only
capable of modeling passive diffusion. The reported ex vivo permeability values of
three APIs were considered inadequate for comparison with other ex vivo and our
in vitro Pe values, since a lipid suspension of indomethacin (17) was used for the
ex vivo measurement, while the ex vivo Pe values of procaine (28) and tetracaine
(30) were calculated using permeability equations that significantly differ from the
ones in other references, making all three Pe values outliers in all models. In the
case of progesterone (29), due to its low aqueous solubility without DMSO cosolvent
present in the model, it could be detected only qualitatively in the acceptor wells of
the PAMPA plate with the generally used HPLC-DAD method, therefore quantitative
analysis and calculation of reliable Pe values was not possible. In summary, four of the
excluded APIs (dexamethasone (11), indomethacin (17), procaine (28), tetracaine (30))
were outliers, while the case of progesterone (29) showed the analytical limitation of
our general PAMPA model.

3.4.1. Optimization of experimental conditions of PAMPA

Our research group has a considerable experience in the development of tissue-
specific permeability models. Besides modeling the permeability of from the
gastrointestinal tract,182 in previous studies we have also demonstrated, that tissue
specific permeability values determined by using the PAMPA technique are much
influenced by experimental conditions and the composition of the lipid membrane
(buccal permeability,182 blood-brain barrier (BBB) permeability,179 absorption through
the skin181). Therefore, as a first step in developing a corneal-specific PAMPA model
we studied the effect of systematic variation of experimental conditions on the
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TABLE 3.7: Ex vivo experimental conditions and rabbit corneal permeability values of APIs used in model development.

API name API’s number in
models

Ex vivo Pe values
(cm/s)

API conc. in donor
chamber (µM)

Buffer vol. in the
donor/ acceptor
chambers (mL)

Buffer
pH

Incubation
temperature (°C)

Incubation
time (h)

Reference

Atenolol 1 1.10 ·10−6 3000 2.5 7.4 37 4 224

Betaxolol HCl 2 2.70 ·10−5 3000 2.5 7.4 37 4 224

Bevantolol HCl 3 5.39 ·10−5 n.a. 7 7.65 35 4 225

Bufuralol HCl 4 5.70 ·10−5 n.a. 7 7.65 35 4 225

Buspirone HCl 5 6.65 ·10−5 100 7/7.5 7.4 37 5 226

Cimetidine 6 7.00 ·10−7 79 2.5 7.4 n.a. 2-4 227

Ciprofloxacin 7 1.28 ·10−6 604 6 7.6 35 4 228

Clonidine 8 3.10 ·10−5 n.a. 7 7.65 n.a. n.a. 229

Cromolyn 9 1.07 ·10−6 100 7 7.5 n.a. n.a. 230

11-Deoxy-corticosterone 10 3.98 ·10−5 402 6 7.65 35-37 4 231

Dexamethasone 11 5.00 ·10−6 212 6 7.65 35-37 4 231

Enoxacin 12 1.65 ·10−6 624 6 7.6 35 4 228

Ethoxzolamide 13 4.39 ·10−5 n.a. 7 7.65 35 4 232

Flurbiprofen 14 2.10 ·10−5 409 2.5 7.4 n.a. 2-4 227

Hydrocortizone 15 8.50 ·10−6 737 6 7.65 35-37 4 231

Ibuprofen 16 2.24 ·10−5 n.a. 7 7.65 35 4 233

Indomethacina 17 6.90 ·10−5 3350 0.12 7.6 37 4-6 234

Labetalol 18 1.43 ·10−5 3000 2.5 7.4 37 4 224

Metoprolol 19 2.20 ·10−5 n.a. 7 7.65 35 4 225

Nadolol 20 1.03 ·10−6 n.a. 7 7.65 35 4 225

Nalidixic acid 21 1.74 ·10−5 861 6 7.6 35 4 228

Nepafenac 22 7.40 ·10−5 100 7/7.5 7.4 35 5 226

Norfloxacin 23 1.36 ·10−6 626 6 7.6 35 4 228

Ofloxacin 24 1.86 ·10−6 553 6 7.6 35 4 228

Penbutolol 25 4.49 ·10−5 n.a. 7 7.65 35 4 225

Pindolol 26 1.04 ·10−5 3000 2.5 7.4 37 4 224

Prednisolone 27 3.70 ·10−6 46 6 7.65 35-37 4 231

Procaine HClb 28 4.20 ·10−6 831 3 7.15 35 1 235

Progesterone 29 1.95 ·10−5 2.86 6 7.65 35-37 4 231

Tetracaine HClb 30 1.50 ·10−6 831 3 7.15 35 1 235b

n.a. – no data available.
a Instead of the pure API, a lipid suspension was used
b Permeability equations used for determination of Pe values significantly differ from the ones in other references
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correlation between previously reported ex vivo rabbit corneal permeability data of
thirty APIs (Table 3.7) and our experimentally determined permeability values (Table
A.15, A.16) to find the optimal conditions.

First, we chose the gastrointestinal (GI) model with lipid mixture (PC+CHO) in
the artificial membrane (Borbás et al., 2015)) in the presence of DMSO in the donor
wells (Model A in Table 4.1 as a starting point for comparisons with several modified
models: a model using GI lipid but in the absence of DMSO in the donor wells
(Model B), a model using only a liquid membrane (dodecane) (Model C) and two
other models when only PC was present in the membrane with and without DMSO
in the donor compartment (Model D and F1). The results showed a poor linear
correlation to ex vivo data when only dodecane was present in the membrane and in
the case of most APIs no permeability could be measured in this model (Figure 3.14:
Model C). We observed that the use of the GI – lipid mixture significantly improved
the linear regression (Figure 3.14: Model A and B), and an even better correlation
could be achieved, when CHO was omitted from the membrane composition (Figure
3.14: Model D and F1). The better performance of the lipid-containing Models (A, B,
D and F1) over the model containing a liquid membrane only (Model C) might be
explained by their better resemblance to in vivo conditions, where the possibility of
electrostatic interactions between the phospholipids, cholesterol and the APIs can
strongly affect the membrane transport process. We also found that with some APIs
used in commercially available eye drops (e.g. ciprofloxacin, enoxacin) DMSO stock
solutions could not been used because of their poor DMSO solubility. Thus, the
application of PBS solutions without cosolvent was preferable (Models B and F1),
which was also supported by the fact that this experimental setting resembles better ex
vivo measurement conditions and the administration of topical formulations. Based
on the correlations Model F1 seemed to have the best experimental conditions for the
measurement of corneal permeability. To even better resemble ex vivo conditions,
we also tried to replace PBS buffer (a commonly used buffer system for PAMPA
measurements) with KRB buffer (the one often used in ex vivo experiments) to see if
it would improve the correlation to ex vivo data (Figure 3.14: Model E). However,
comparing Models E and F1, this modification significantly decreased the predictive
power of the model.

Besides the squared correlation coefficient (R2) we also compared the standard
error of estimate (SEE) of the linear regression analysis, the mean absolute error
(MAE) of the models and a non-parametric statistical test, the sum of ranking
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FIGURE 3.14: Linear regression analyses for Models A – F1. Correlation of in vitro measured
permeability (Pe) values to ex vivo measured data.
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TABLE 3.8: Comparison of different membrane models.

Parameters
Models

A B C D E F1 F2 F3 F4 F5

R2a 0.645 0.481 0.384 0.764 0.671 0.880 0.818 0.807 0.682 0.648
SEEb 9.47 8.85 11.00 9.28 10.00 4.48 4.64 5.49 7.17 7.55
MAEc 15.01 14.36 15.65 6.34 8.68 8.40 11.34 10.77 11.63 13.06
SRD%d 59 76 86 44 55 21 39 36 56 50
a Squared correlation coefficient.
b Standard error of estimate for Pe, experimental = a · Pe, ex vivo rabbit + b, using GraphPad Prism v. 7.03.200

c Mean absolute error: MAE = (1/n) ·∑ |Pe, experimental − Pe, ex vivo rabbit|.
d Sum of ranking differences.236

differences (SRD)236 has also been carried out (Table 3.8, Figure 3.15, for the details of
the test, see Section 4.7). The SRD test has been validated by the comparison of ranks
with random numbers (CRRN236): in Figure 3.15 the Gaussian bell curve shows the
normal approximation for the theoretical SRD distribution. If the calculated SRD%
values of our models (represented by the colored lines) were under the curve it would
mean that it is highly probable that the same SRD% value could have been achieved
by simply using random data (XX1 and XX19 corresponds to 5% and 95% probability
of this event). On the other hand, if the SRD% values fall to the left side of the
Gaussian bell curve it means that it is not likely that the results of the SRD test could
have been achieved by using a randomly chosen permutation of numbers, therefore
it suggests that the correlation between the our models and the reference data (ex
vivo rabbit corneal permeability) is not random but originates from some other effect.
In our case it suggests that PAMPA is an adequate model for the measurement of
permeability data that might be correlated to ex vivo rabbit permeability values
and the differences between SRD% values emanate from the different experimental
conditions of the models.

Comparing the results of statistical test for Models A–F1 (Table 3.8), we can see
that Model F1 has the best overall correlation to ex vivo data (best R2 and SEE), the
smallest (best) SRD% value and the MAE values were also the lowest, when only PC
was used (Models D–F1, Model F1 is the second best). Based on these observations
only PBS solutions of solid APIs were used subsequently.
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FIGURE 3.15: Results of the non-parametric statistical test, sum of ranking differences (SRD)
and its validation by the comparison of ranks with random numbers (CRRN) for Models A-F5.

The smaller the SRD% value, the better the predictive capability.236

3.4.2. Fine-tuning the lipid composition of corneal-PAMPA

Since the initial optimization experiments demonstrated that Model F1 showed
the best predictive power, in Models F1 – F5, the fine-tuning of lipid composition was
carried out based on reported lipid composition of human corneal epithelium.159 The
addition of PE to the lipid membrane resulted in a slightly worse linear correlation
with the ex vivo data (Figure 3.16: Model F2) and an increase of MAE (Table 3.8).
Moreover, the reproducibility of measurements was also compromised: a high
standard deviation was observed, especially in the region of high Pe values.

Upon addition of PS to the lipid mixture (Figure 3.16: Model F3), the standard
deviation became moderate, but correlation to the ex vivo data was somewhat lower
than in the case of Model F1. The MAE of the measurement also increased in this
model (Table 3.8. By adding PE and PS simultaneously to the PC membrane an
improved correlation could have been expected since the lipid composition is closer
to the one in human cornea, however, the opposite was observed. This might be
explained by different arrangement of the phospholipids in the solvent mixture
than in the biological membrane. This might result in a worse correlation to the
ex vivo data due to the formation of different interactions between APIs and the
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FIGURE 3.16: Linear regression analyses for Models F2 – F5. Correlation of in vitro measured
permeability (Pe) values to ex vivo measured data.

phospholipids than under in vivo/ex vivo conditions. When PI was added to
the lipid mixture of PC + PE and PC + PE + PS, correlations decreased and MAE
increased even more significantly (Figure 3.16: Models F4-F5, Table 3.8). It is also
noteworthy that for these models, dissolution of PI into the solvent mixture was
sluggish. Therefore, based on the result of linear regression analyses and values
of MAE, we can conclude that alteration of the initial single lipid membrane to
better resemble the lipid composition of the cornea did not result in the anticipated
improvement of the predicted capability of the PAMPA model. The best model for
prediction of corneal permeability proved to be Model F1, containing only a single
lipid component (PC) (Figure 3.14, Table 3.8: Model F2–F5). This is also supported
by the result of the non-parametric SRD test, which unambiguously indicated that
Model F1 has the best predictive capability for the ex vivo rabbit corneal permeability
data (Table 3.8, Figure 3.15).
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3.4.3. Applicability of the corneal-PAMPA model in the case of eye
drops

After Model F1 had been chosen for the prediction of corneal permeability we also
intended to investigate its applicability to ophthalmic formulations. To this avail we
chose eight commercially available eye drops and measured the permeability of their
undiluted form and also 5-, 10- and 20-fold diluted forms to model the diluting effect
of the lacrimal fluid. Comparing the API content of these eye drops it can be assumed
that some manufacturers have also taken this effect and poor bioavailability into
consideration as the concentration of APIs in the eye drops are especially high in some
cases: Acular: 10.63 mM ketorolac tromethamine; Cosopt Ocumeter Plus: 61.64 mM
dorzolamide HCl, 15.80 mM timolol maleate; DorzolEP: 61.64 mM dorzolamide
HCl; Maxidex: 2.55 mM dexamethasone; Nevanac: 3.93 mM nepafenac; Oftaquix:
13.84 mM levofloxacin hemihydrate; Yellox: 2.69 mM bromfenac Na sesquihydrate;
Vigamox: 12.46 mM moxifloxacin HCl. As can be seen in Figure 3.17 and Table
A.17 (see Appendix A), in most cases only a minuscule permeability of the APIs
could be measured from the undiluted eye drops, significantly lower than the pure
APIs’ permeability measured individually. As a result of 5-, 10- and 20-fold dilutions
the permeability of APIs increased in each case, however, in the case of eye drops,
where the permeability of pure APIs were measured to be low individually, no
significant effect of the different dilution ratios could be observed, although we saw
a slightly increasing trend of Pe values. On the contrary, in the case of APIs with a
high Pe value (timolol, nepafenac), dilutions significantly improved the permeability
from eye drop type formulations approaching the permeability of solutions of pure
APIs. This improvement might be explained by the decreased viscosity and relative
concentration of the components of the eye drops (API, background electrolytes and
other formulating agents), which strongly influence the kinetics of permeability.150

Based on these results, to better mimic the physiological conditions, we
recommend the use of diluted solutions in the case of measurement of eye drop
formulations using the corneal-PAMPA model.
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FIGURE 3.17: Comparison of permeability values of APIs and eye drops measured by corneal-
PAMPA. /# mark significant changes compared to the undiluted eye drop / the previous

dilution step determined by t-tests.
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4. Materials and methods

4.1. Chemicals and reference compounds

All chemicals were purchased from commercial sources and were used
without further purification. In the experiments LC-grade solvents were used,
acetonitrile (MeCN), chloroform, dimethyl sulfoxide (DMSO), dodecane, formic acid,
hexane, trifluoroacetic acid (TFA) were purchased from Merck KGaA (Darmstadt,
Germany). Analytical grade 2-propanol (IPA), 0.5 M hydrochloric acid, 0.5 M
potassium hydroxide were purchased from Honeywell International Inc. (New
Jersey, USA). Albumin from human serum (A9511), ammonium acetate (NH4OAc),
ammonium-formate, dichloromethane (DCM), ethyl acetate (EtOAc), Krebs-Ringer
bicarbonate (KRB) buffer powder, methyl iodide (MeI), octanol, phosphate
buffered saline (PBS) powder, potassium chloride (KCl), L-α-phosphatidylcholine
(PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE), cholesterol (CHO)
and the reference materials (acetylsalicylic acid, amodiaquine dihydrochloride
dihydrate, amoxicillin, ampicillin, atenolol, bupropion hydrochloride, buspirone
hydrochloride, captopril, carbamazepine, cefalexin, cefotaxime sodium, cefuroxime
sodium, chloroquine diphosphate, chlorothiazide, chlorpromazine hydrochloride,
cimetidine hydrochloride, ciprofloxacin, clonidine hydrochloride, cromolyn
sodium, dexamethasone, diazepam, diclofenac sodium, diflunisal, diltiazem
hydrochloride, diphenhydramine hydrochloride, enoxacin, famotidine, furosemide,
hydrocortisone, ibuprofen, imipramine hydrochloride, indomethacin, isoniazid,
isoxicam, ketoconazole, ketoprofen, labetalol hydrochloride, meloxicam, metoprolol,
metronidazole, nadolol, nalidixic acid, naproxen, nifedipine, nitrazepam, norfloxacin,
ofloxacin, oxazepam, paracetamol, phenazone, phenylbutazone, phenytoin,
physostigmine, pindolol, piroxicam, prednisolone, procaine hydrochloride,
progesterone, propranolol hydrochloride, promethazine hydrochloride, ranitidine
hydrochloride, rifampicin, sulfamerazine, sulfamethoxazole, sulindac, terbutaline
hemisulphate, tetracaine hydrochloride, trimethoprim and warfarin) and Tween
80 (Tween) were purchased from Sigma Aldrich Co. Ltd. (Budapest, Hungary).
Further reference materials, betaxolol hydrochloride, bevantolol hydrochloride,
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bufuralol hydrochloride, deoxycorticosterone, diclofenac ethyl ester, ethoxzolamide,
flurbiprofen, ketorolac tromethamine, nepafenac, O-methyl meloxicam and
penbutolol were purchased from Toronto Research Chemicals Inc. (North York,
Toronto, Canada). Lornoxicam and tenoxicam were purchased from Carbosynth Ltd.
(Compton, Berkshire, United Kingdom). O-methyl phenylbutazone was purchased
from Ambinter c/o Greenpharma S.A.S. (Orléans, France). 1,2-Dioctanoyl-sn-glycero-
3-phospho-L-serine sodium salt (PS), L-α-phosphatidylinositol (Soy) sodium salt (PI)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama, USA). Neutral
linear buffer (NLB) was purchased from Pion Inc. (UK) Ltd. (Forrest Row, United
Kingdom). (2-Hydroxypropyl)-β-cyclodextrin (HPBCD) (DS∼4.5) and 6-deoxy-
6[(5/6)-fluoresceinylthioureido]-HPBCD (FITC-NH-HPBCD) (DSm∼0.7, DSn∼4.1,
the average DS for FITC and HP groups, respectively) were synthesized and provided
by CycloLab, Cyclodextrin Research and Development Laboratory Ltd. (Budapest,
Hungary). Commercially available eye drop products were purchased from the
following sources: Acular 5 mg/mL (lot 2181EW) from Allergan Inc.; Cosopt
Ocumeter Plus 20 mg/mL + 5 mg/mL (lot N009215), Oftaquix 5 mg/mL (lot
166630) from Santen Oy, DorzolEP 20 mg/mL (lot B163338) from ExtractumPharma
Inc.; Maxidex 1 mg/mL (lot 17I13QE), Nevanac 1 mg/mL (lot 17G14GF), Vigamox
5 mg/mL (lot 17D03GA) from Alcon Ltd. (Novartis Division); Yellox 0.9 mg/mL (lot
707A) from Bausch & Lomb.

Reference compounds, diflunisal ethyl ester and C-methyl phenylbutazone were
synthesized at Gedeon Richter Plc. For detailed information on their syntheses and
confirmation of structures (NMR, HR-MS) see Section A.3.3.
In all experiments, distilled water used for preparation of ionic strength adjusted
water (ISA-water, I = 0.15 M KCl) and buffer solutions was purified by the Millipore
Milli-Q® 140 Gradient Water Purification System.

4.2. Partition coefficient method using pH-metric titration
and related methods

4.2.1. Determination of partition coefficient of FITC-NH-HPBCD

The classical shake-flask method was used to determine the octanol-water
partition coefficient of the fluorescent labeled HPBCD derivative, FITC-NH-HPBCD.
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200 µL of octanol-saturated aqueous solution of FITC-NH-HPBCD (pH = 3.1,
c0

FITC-NH-HPBCD,aq = 100 µM, from ISA-water) was added to 3.0 mL of ISA-water-
saturated octanol, then intensively shaken by vortex (5 × 2 min) at room temperature
(25 °C). After overnight separation of the phases the concentration of FITC-NH-
HPBCD in the octanol phase cFITC-NH-HPBCD,oct was determined by fluorescent
spectroscopy. Fluorescence spectra were recorded using a CLARIOstar® plate reader
(BMG LABTECH, Ortenberg, Germany). Emission was scanned using the following
settings: excitation wavelength 458 nm, bandwidth 8 nm; Emission scan 485–650 nm;
stepwidth 1 nm, bandwidth 8 nm. 5 parallel measurements were carried out, all
spectroscopic measurements were performed at room temperature (25 °C). From
the data partition coefficient, Po/w,FITC-NH-HPBCD was calculated by the following
equation:

Po/w,FITC-NH-HPBCD =
cFITC-NH-HPBCD,oct

cFITC-NH-HPBCD,aq
(4.1)

where the concentration of FITC-NH-HPBCD in the aqueous phase
(cFITC-NH-HPBCD,aq) was calculated from cFITC-NH-HPBCD,oct and c0

FITC-NH-HPBCD,aq

based on the mass balance.

4.2.2. Determination of complex stability constant of HPBCD–octanol
complexes

To measure intrinsic solubility of octanol in ISA-water (S0,oct), the two-phase
system of ISA-water-saturated octanol and octanol-saturated ISA-water was
intensively shaken by vortex (5 × 2 min) at room temperature (25 °C). The phase ratio
was varied from 60:1 water/octanol to 15:1 water/octanol in accordance with the
potentiometric logP measurements. After overnight separation of the phases, 300 µL
aliquots of the aqueous phase were extracted with 300 µL toluene and vigorously
shaken with a vortex-shaker (1 min). After separation of the phases, the octanol
concentration in the organic phase was measured using an Agilent 6890 Series GC
System (Agilent Technologies, Palo Alto, CA) equipped with a split/splitless inlet, a
flame ionization detector (FID) and a 7683 Series Injector. Toluene and octanol were
separated on a SGE-BP1 (100% Dimethyl Polysiloxane) capillary column (30 m ×
0.32 mm, 0.25 µm film thickness). Separation conditions: the column was linearly
heated from 80 °C to 220 °C at a rate of 20 °C/min; helium was used as carrier
gas at 0.7 mL/min, an injection volume of 1 µL and a split (ratio 10:1) injection
mode were adopted; the injection port temperature and FID temperature were 250
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°C with nitrogen as make-up gas at 45 mL/min, and also hydrogen at 40 mL/min,
and air at 450 mL/min. Retention times for toluene and octanol were 4.01 min and
5.67 min, respectively. Three parallel measurements were carried out and a standard
curve was used to determine S0,oct. To determine K1:1,oct value of HPBCD–octanol
complexation the same method was used as above but with 20–140 mM HPBCD
solutions as the aqueous phase. To investigate the effect of the presence of the APIs
on K1:1,oct, all measurements were carried out also in the presence of KET, BUP, PRO
and DIC, applying similar API : HPBCD ratio as in the case of potentiometric logP
measurements.

4.2.3. Spectrophotometric pKa determination in aqueous medium

SiriusT3™ fully automated titrator (Pion Inc (UK) Ltd., Forest Row, UK) fitted
with a combination Ag/AgCl pH electrode was used to detect potentiometric signal
to monitor the change of pH. The pKa and pKa,app values (ionization constant
in aqueous medium and apparent ionization constant in the presence of CD,
respectively) were calculated by SiriusT3Refine™ software (Pion Inc (UK) Ltd.,
Forest Row, UK). Methodologies used by the software have been described in earlier
publications.237–240 The UV-pH titrations were performed using D-PAS technique
(Sirius Analytical Instruments Ltd., Forest Row, UK) attached to the SiriusT3™
Instrument. All measurements were performed in ISA-water, under nitrogen
atmosphere, at T = 25.0 ± 0.1 °C. API concentrations of 5–40 µM and HPBCD
concentrations of 0–7 mM were used for UV-pH titrations. Three-eight parallel
measurements were carried out at each HPBCD concentration. Other experimental
details and the theoretical backgrounds of spectrophotometric pKa determination
have been described earlier.237,239

4.2.4. pH-metric pKa determination of investigated APIs in the
presence of HPBCD

The SiriusT3™ automated titrator was also used for potentiometric determination
of dissociation constants in the presence of HPBCD. The pKa and pKa,app values
were calculated by the SiriusT3Refine™ software. For bases, in each experiment,
1 mg of sample was dissolved in 1.2 mL of 30–140 mM HPBCD solution, pre-
acidified to pH 1.8–2.0 with 0.5 M HCl, and then titrated with 0.5 M KOH to
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pH 12.0–12.2. In the case of acids, the titration was performed similarly but in
the opposite direction. The titrations were carried out at constant ionic strength
(I = 0.15 M KCl) and temperature (T = 25.0 ± 0.1 °C), under nitrogen atmosphere.
Three parallel measurements were carried out.

4.2.5. Measurement of partition coefficients of investigated APIs

SiriusT3™ pKa and logP analyser and SiriusT3Refine™ software were also used
for dual-phase pH-metric determination of partition coefficients. Typically, 0.8-2.5 mL
of 0.5-10 mM solutions of samples were titrated under the same conditions as in the
case of pKa determinations but in the presence of various amounts of the partitioning
solvent, ISA-water-saturated octanol. The phase ratios applied were varied from
30:1 water/octanol to 1:3 water/octanol, depending on the expected logP value
of the compounds. From the titrations containing octanol, the poKa values (the
apparent ionization constant in the presence of octanol) and then logPN

o/w values
were estimated and refined by a weighted non-linear least-squares procedure, where
the aqueous pKa values (taken from aqueous titrations) were used as unrefined
contributions. For each compound a minimum of three titrations at different ISA-
water/octanol volume ratios were measured, and the respective average logPN

o/w
values were calculated, by Eq. 1.19.

4.2.6. Measurement of apparent partition coefficient of APIs in the
presence of HPBCD

The apparent partition coefficient of APIs was determined using the same
potentiometric method as described above but in the presence of an aqueous phase
(ISA-water) containing 20–140 mM HPBCD. The phase ratios applied were varied
from 60:1 water/octanol to 15:1 water/octanol. For each compound a minimum of
three parallel titrations at different ISA-water/octanol volume ratios were carried
out, and the respective average logPapp values were calculated based on the acquired
pKa,app and poKa,app values (the apparent ionization constants in the octanol/water
two-phase system containing CD in the aqueous phase).
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4.3. Human serum albumin binding related methods

4.3.1. UV-pH titration

The UV-pH titrations were performed using a fully automated SiriusT3
instrument (Pion Inc., Forest Row, UK). Spectrophotometric determination of pKa

values was performed using the built-in fast UV pKa method, the absorbance changes
during the titrations were monitored by the dip-probe absorption spectroscopy
(D-PAS) method,237,239 and evaluation and calculation of pKa values were performed
by the SiriusT3Refine software (version 1.1.3.0., Pion Inc., Forest Row, UK). For the
determination of pKa values in aqueous media, 5 µL of 10 mM DMSO solution of the
samples was titrated from pH 2.0 to pH 12.0 in 1.5 mL ionic strength adjusted water
(ISA-water: 0.15 M KCl; the initial sample concentration is approximately 33.3 µM).
In the case of determination of pKa values in the presence of HSA (pKa,HSA), a
modified fast UV assay was used: ISA-water solutions containing HSA (33.3 µM,
with a 1:1 nominal molar ratio of HSA and APIs) were added manually in advance to
the titration vials. All measurements were performed under a nitrogen atmosphere
at T = 25.0 ± 0.1 °C. The pH region 2.0–10.0 and the spectral region of 250–450 nm
were used in the analysis, and the results were calculated from a minimum of three
replicates in each case.

4.3.2. Rapid equilibrium dialysis measurements

The Rapid Equilibrium Dialysis (RED) Device (Thermo Scientific™, Waltham,
Massachusetts, USA) was used for the determination of HSA binding% of reference
APIs. RED Device inserts (8K MWCO) were fitted into the reusable Teflon base
plate, then 200 µL of samples were placed into the donor chamber (indicated by the
colored retainer ring). Sample solutions were prepared at 10 µM initial concentration
(0.1% DMSO; 0.9% MeCN) by adding 30 µL of 10 mM DMSO stock solutions to
270 µL MeCN, producing a 1 mM solution, then adding 10 µL of the 1 mM solution
to 990 µL of human serum albumin solution (4 g/L HSA in PBS, pH 7.4). Then
350 µ Ls of dialysis buffer (PBS, pH 7.4) were added to the buffer chambers, the
unit was covered with sealing tape and incubated at 37 °C on an orbital shaker (at
300 rpm) for 4.5 hours. After incubation the seal was removed and 50 µL aliquots of
post-dialysis samples from the donor and buffer chambers were pipetted to separate
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microcentrifuge tubes. A corresponding 50 µL of HSA solution was added to the
buffer samples and an equal volume of buffer (PBS, pH 7.4) was added to the donor
samples to create analytically identical sample matrices. Then 300 µLs of precipitation
buffer (cold acetonitrile/ water (90:10 v/v%), containing 0.1% formic acid and 1 µM
verapamil as internal standard) were added to each sample to precipitate the protein
and release compounds. The samples were vortexed and incubated on ice for 30 mins,
then centrifuged for 10 mins at 14000×g. After centrifugation the supernatants
(200 µL) were transferred to 96-well polypropylene plates (Agilent, Waldbronn,
Germany) for LC-MS analysis. Each compound was measured in triplicate. Test
compound concentrations in the donor and buffer chambers were determined from
peak areas relative to the internal standard. The percentage of the test compound
bound was calculated using the following equation:

HSA% = (1− cb

cd
) · 100% (4.2)

where cb and cd are the concentrations of the test compound in the buffer and donor
chamber, respectively.

4.3.3. Molecular docking

Ligand and protein structures were prepared with the standard tools of the
Schrödinger software package,241–243 based on the OPLS3 force field.244 For ligand
docking and the generation of per-residue interaction scores, the extra precision
mode (XP) of Glide was used.245,246 The publicly available PDB structures 2BXC,
2BXE,219 and 4Z69218 were used for evaluating the experimental binding modes
of PHB, DIF, and DIC, respectively. For the additional five APIs, the structures
2BXC and 2BXE were used to generate predicted binding modes with Glide XP,
after validating them by redocking their cognate ligands into the respective binding
pockets. (RMSD values between experimental and predicted poses were 1.40 and
1.01 Å for 2BXC and 2BXE, respectively, and 5.60 Å for 4Z69; therefore, this structure
was omitted from further use.) The best identified binding pose was refined for both
the protonated and deprotonated forms of the APIs.
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4.4. Methods related to the investigation of MEL–HSA
nanoparticles

4.4.1. Measurement of in vitro dissolution profiles of MEL–HSA
nanoparticles

The RED device was also used for the determination of time-dependent
dissolution profiles of pure meloxicam (MEL) (crystallized powder) and its HSA
formulations (MEL–HSA and MEL–HSA–Tween). A suspension of 2 mg/mL
nominal concentration of MEL powder was prepared in phosphate buffer (Na2HPO4

– NaH2PO4, pH 5.6) as a reference for the formulations MEL–HSA and MEL–HSA–
Tween. The reference solution was homogenized by using an Eppendorf MixMate
vortex mixer for 30 s and by an ultrasonic bath (Bandelin Sonorex Digiplus) for
10 min. The RED Device inserts (8K MWCO) were fitted into the reusable Teflon
base plate and 100 µLs of samples were placed into the donor chambers. Then
300 µLs of phosphate buffer (pH 5.6) were added to the acceptor chambers, the unit
was covered with a sealing tape and incubated at 37 °C for 6 hours on an orbital
shaker (at 350 rpm). Samples were taken at different time points from the acceptor
chambers and MEL concentrations were determined by HPLC-DAD. The significance
of differences of dissolution data was calculated with one-way ANOVA with post
hoc test (Tukey’s multiple comparisons test, α=0.05).

4.4.2. In vitro permeability measurements of HSA nanoparticles

The PAMPA system was used to determine Pe values of MEL from suspension
of the API and from its HSA-formulations in comparison. The same suspension
was used as in the case of dissolution studies as a reference donor solution
for the formulations MEL–HSA and MEL–HSA–Tween. The filter donor plate
(Multiscreen™-IP, MAIPN4510, pore size 0.45 µm; Millipore) was coated with 5 µL of
lipid solution (16 mg PC + 8 mg CHO dissolved in 600 µL dodecane). Then the donor
plate was fitted into the acceptor plate (Multiscreen Acceptor Plate, MSSACCEPTOR;
Millipore) containing 300 µL of PBS solution (pH 7.4), and 150–150 µL of the donor
solutions were put on the membrane of the donor plate. Afterwards, the donor plate
was covered with a sheet of wet tissue paper and a plate lid to avoid evaporation of
the solvent and the sandwich system was incubated at 37 °C for 4 hours (Heidolph
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Titramax 1000), followed by separation of the PAMPA sandwich plates and the
determination of concentrations of MEL in the acceptor solutions by HPLC-DAD. For
each assay, 3 replicates per formulations were measured. The effective permeability
of drugs were calculated using the following equation:146

Pe =
−2.303 ·VA

A · (t− τSS)
· log

(
1− cA(t)

S

)
(4.3)

where Peis the effective permeability coefficient (cm/s), A is the filter area (0.24
cm2), VA is the volume of the acceptor phase (0.3 cm3), t is the incubation time (s),
τSS is the time to reach steady-state (s), cA(t) is the concentration of the compound
in the acceptor phase at time point t (mol/cm3), S is the solubility of MEL in the
donor phase. The solubility of MEL in the donor solutions was determined after
centrifugation (at 12000 rpm, 15 mins, Eppendorf Centrifuge 5804 R) in Microcon
Centrifugal Filter Devices (30 000 MWCO) and 50x dilution of the formulations,
using the same HPLC system. The flux of samples was calculated using the following
equation:146

Flux = Pe · S (4.4)

The significance of differences between flux data was calculated with one-way
ANOVA with post hoc test (Tukey’s multiple comparisons test, α=0.05).

4.5. Methods related to the development of the corneal-
PAMPA model

4.5.1. In vitro permeability measurements of reference APIs

For investigation of in vitro transcorneal permeability, the drugs were chosen
from a wide range of permeability values reported in previous ex vivo rabbit corneal
permeability studies.152,156 The selected APIs represent molecules from a wide range
of molecular weight (Mw: 206 – 469), lipophilicity (logP: -1.0 – 4.1) and polar surface
area (PSA: 34 – 166) (See Appendix Figure A.4). The acid-base characteristics of
molecules have also been considered, regarding the physiological pH range 15 basic,
5 acidic, 5 amphoteric and 5 neutral compounds have been chosen. For measurement
using the PAMPA system, the drugs were either dissolved in PBS buffer (pH 7.4)
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or KRB buffer (pH 7.4) to make solutions of 100 µM nominal concentration or
10 mM DMSO stock solutions were made. Before each assay the PBS solutions
were homogenized by using an Eppendorf MixMate vortex mixer for 10-12 sec and
by an ultrasonic bath (Bandelin Sonorex Digiplus) for 10 min. Thereafter 300 µL of the
PBS solutions were placed into a 96-well polypropylene plate (Agilent, Waldbronn,
Germany). For each assay 3 replicates per compounds were measured. When using
DMSO stock solutions the samples were diluted with PBS buffer (pH 7.4) to obtain
the donor drug solution with a final nominal concentration of 100 µM (297 µL buffer +
3 µL DMSO stock solution), which was suitable for direct HPLC-DAD measurements.
This solution was shaken for an hour at room temperature in a 96-well polypropylene
plate, then filtrated (Vacuum Manifold, Millipore). In the lipid membrane Models
F1-F5 different ratios of the phospholipids (PC, PE, PI and PS) were used. The
phospholipids (16 mg) were dissolved in dodecane (600 µL) (Models A-C in Table 4.1)
or in a solvent mixture (70% (v/v) hexane, 25% (v/v) dodecane, 5% (v/v) chloroform)
when cholesterol (CHO) did not facilitate dissolution in dodecane (Models D-F in
Table 4.1). To investigate the effect of phospholipid components on permeability,
in the mixed lipid models (Models F2-F5, Table 4.1) the ratio of phospholipids
was varied in accordance with previously reported phospholipid composition of
the corneal epithelium (65% (w/w) PC, 31% (w/w) PE and 4% (w/w) PS+PI (not
identified individually).159

74



4.5. Methods related to the development of the corneal-PAMPA model

TABLE 4.1: Membrane variations used in the permeability model.

Model
Donor solutions

(100 µM)

Membrane composition

Phospholipids (mg)
CHO (mg)

Solvent
(600 µL)PC PE PS PI

A from DMSO stock in PBS 16 - - - 8

dodecaneB from solid APIs in PBS 16 - - - 8

C from solid APIs in PBS - - - - -

D from DMSO stock in PBS 16 - - - -

hexane/
dodecane/
chloroforma

E from solid APIs in KRB 16 - - - -

F1

from solid APIs in PBS

16 - - - -

F2 10.8 5.2 - - -

F3 10.4 4.9 0.7 - -

F4 10.4 4.9 - 0.7 -

F5 10.4 4.9 0.35 0.35 -

PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine, PI: phosphatidylinositol, CHO: cholesterol,
PBS: Phosphate buffered saline, KRB: Krebs-Ringer buffer.
a For Models D–F5 a solvent mixture (70% (v/v) hexane, 25% (v/v) dodecane and 5% (v/v) chloroform) was used.

After dissolving the phospholipids in the solvent each well of donor plate
(MultiscreenTM-IP, MAIPN4510, pore size 0.45 µm; Millipore) was coated with
dodecane or the lipid solution (5 µL each). When using a solvent mixture, after
evaporation of hexane and chloroform a 10.67 w/v% lipid membrane was formed
in each well. Then the donor plate was fitted into the acceptor plate (Multiscreen
Acceptor Plate, MSSACCEPTOR; Millipore) containing 300 µL of PBS solution (pH
7.4), and 150-150 µL of the PBS solutions (prepared from solid or the DMSO stock)
were put on the membrane of the donor plate. The sandwich system was covered
with a sheet of wet tissue paper and a plate lid to avoid evaporation of the solvent.
The plates were incubated for 4 h at 35 °C (Heidolph Titramax 1000) followed by
separation of PAMPA sandwich plates and determination of concentrations of the
APIs in the donor and acceptor solutions by HPLC-DAD. The concentration of donor
solutions at time point zero was also determined using the same HPLC system. Test
solutions from PAMPA experiments were prepared in 96-well plates and sealed
before injection.
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The effective permeability and membrane retention (MR) of drugs were calculated
using the following equation:146

Pe =
−2.303

A · (t− τSS)
· 1

1 + rv
· log

(
−rv +

1 + rv

1−MR
· cD(t)

cD(0)

)
(4.5)

where Peis the effective permeability coefficient (cm/s), A is the filter area (0.3 cm2),
VD and VA are the volumes in the donor (0.15 cm3) and acceptor phase (0.3 cm3),
t is the incubation time (s), τSS is the time to reach steady-state (s), cD(t) is the
concentration of the compound in the donor phase at time point t (mol/cm 3),
cD(0) is the concentration of the compound in the donor phase at time point zero
(mol/cm3), rv is the aqueous compartment volume ratio (VD and VA), MR is the
membrane retention factor, defined as

MR = 1− cD(t)
cD(0)

− VA · cA(t)
VD · cD(0)

(4.6)

To find the best model the in vitro measured permeability values were compared
with published ex vivo data (Table 3.7).152,156 When multiple values were reported
for an API, we selected the one obtained under experimental conditions most similar
to our model.

4.5.2. In vitro permeability measurements of eye drops

To investigate the applicability of the optimized model for permeability
measurement of drug formulations, Pevalues of eight commercially available eye
drops were also measured and compared to Pevalues of their APIs. To simulate the
effect of the lacrimal fluid eluting a considerable amount of the eye drops immediately
after administration, 5-, 10- and 20-fold dilutions with PBS buffer were also measured
besides the undiluted eye drops. The experimental procedure was the same as above
except that only 80 µL of the undiluted eye drops (a volume about equal to ≈2 drops,
i.e. the usual prescribed dosage247) were added to the donor wells.
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4.6. HPLC methods

4.6.1. Methods used for the determination of API concentrations in
corneal-PAMPA experiments

Quantitative chromatographic analyses were performed using a SHIMADZU
Prominence Modular HPLC system (Shimadzu Corporation, Japan) at 45 °C on a
Kinetex® 2.6 mm C18 100 Å LC column (30 × 3 mm) with a mobile phase flow rate
of 1.1 mL/ min. Composition of mobile phases: A: 0.1% (v/v) formic acid in water,
B: MeCN/water 95:5 (v/v) with 0.1% (v/v) of formic acid. A 3.6 min long, linear
gradient program was applied: 0% B in the first 0.3 min, 0–100% B between 0.3
and 1.8 min, then 100% B was kept for another 0.6 min, and finally at 2.41 min the
percentage of B was dropped to 0%. This was followed by an equilibration period of
1.2 min prior to the next injection. Chromatograms were recorded at the wavelength
of 200–500 nm, integration was carried out at the UVmax of each compound. The
applied injection volume was 6 µL.

Since the method above was unsuited for dorzolamide and its concomitant
determination with timolol in eye drop samples, their concentrations were measured
on an Agilent 1100 liquid chromatography system equipped with a vacuum
degasser, a quaternary pump, a thermostatted autosampler, a column temperature
controller and a diode array detector (Agilent Technologies, Palo Alto, CA, USA).
Chromatographic analysis was performed at 25 °C on a Kinetex XB-C18 column
(150 × 4.6 mm, 2.6 µm) (Phenomenex, Torrance, CA, USA), with a mobile phase flow
rate of 1.0 mL/min. Isocratic elution was applied using 20 mM ammonium-formate
(pH 3.0)/acetonitrile 80:20 as solvent. Chromatograms were registered at a wave-
length of 254 ± 4 nm for dorzolamide and 295 ± 4 nm for timolol. ChemStation
B.04.03 was used for data acquisition and analysis.

4.6.2. HPLC-MS method for RED measurements

Experiments were performed on an Agilent 1200 liquid chromatography system
equipped with a diode array detector and coupled with an Agilent 6410 triple
quadrupole mass spectrometer (QQQ-MS) equipped with an electrospray ionization
(ESI) source. MassHunter Workstation software (B.03.01) was used for data
acquisition and processing. Analyses were carried out at 45 °C on a Kinetex C18
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100 Å column (50 x 3.0 mm, 2.6 µm). Quantification of test compounds in the donor
and acceptor chambers was achieved by a “generic” LC-MS method: eluent A was
0.1% TFA in water (pH 1.9) and eluent B was the mixture of acetonitrile and water at
95:5 with 0.1% TFA. The mobile phase flow rate was 1.25 mL/min and the applied
linear gradient profile was: 2–100% B at 0–5.9 min, then 100% B for 5.9-7.0 min,
which was followed by a 2.3 min equilibration period prior to the next injection. For
quantification of the test compounds the chromatographic profiles were recorded in
selected ion monitoring (SIM) mode, m/z values representing the molecular ions
of the analytes and internal standard were monitored. The QQQ-MS operating
parameters were the following: SIM in positive ion mode, drying gas temperature of
350 °C, nitrogen flow rate of 12 L/min, nebulizer pressure of 45 psi, capillary voltage
of 4 kV, fragmentor voltage 135 V.

4.6.3. HPLC measurements using the immobilized HSA column
(Chiralpak-HSA)

Sample solutions were prepared at 0.2 mg/ml initial concentration in a mixture
of 25 mM NH4OAc (pH 7.0) : IPA 50:50 (v/v). Experiments were performed on an
Agilent 1100 liquid chromatography system equipped with a vacuum degasser, a
quaternary pump, a thermostatted autosampler, a column temperature controller
and a diode array detector (DAD) (Agilent Technologies, Palo Alto, CA, USA).
Chromatographic analysis was performed at 25 °C on a Chiralpak-HSA column
(100×4.0 mm, 5 µm) (Supelco/Sigma-Aldrich, Bellefonte, PA, USA). Eluent A was
25 mM NH4OAc (pH 7.0) and eluent B was IPA. The mobile phase flow rate was
0.75 mL/min and the applied linear gradient profile was: 0% B in the first 1.5 min,
0–30% B between 1.5 and 5.0 min, then 30% B was kept for until 30 min, and finally
at 30.01 min the percentage of B was dropped to 0%. This was followed by an
equilibration period of 6.0 min prior to the next injection. Chromatograms were
registered at a wavelength of 254 ± 4 nm, the applied injection volume was 2 µL.
ChemStation (B.04.03) was used for data acquisition and analysis. The performance
of the HSA column was also tested under the same experimental conditions as in
the case of the Agilent HPLC system, using a SHIMADZU Prominence Modular
HPLC system (Shimadzu Corporation, Japan) equipped with a photodiode array
detector (PDA) and a mass spectrometer equipped with an electrospray ionization
source (ESI). MS conditions were as follows: scanning in positive ionization (ESI+)
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mode from 0.2 min to 30 min with the mass range of m/z 105–800, interface voltage
of +4.5 kV, DL temperature of 278 °C, interface temperature of 350 °C, nebulizing
gas flow of 1.5 L/min, heat block temperature of 250 °C. Nitrogen was used as a
drying gas at a flow rate of 12 L/min. LabSolutions (Version 5.53 SP2) was used for
data acquisition and analysis. Calibration of the HSA column has been carried out
on each HPLC system using previously reported HSA% data.216,217 The measured
gradient retention times were converted into logarithmic values (log tR), then plotted
against the HSA% values. A nonlinear regression analysis was carried out using
GraphPad Prism v. 7.03200 and a logistic equation was fitted onto the data points.
From the parameters of the fitted function, the HSA% values can be calculated using
the following equation:

HSA% =
100

(1 + 10(log A−log tR)·H)
S (4.7)

where H is the unitless slope factor, S is a unitless asymmetry parameter and log A is
the inflection point which can be calculated using Equation X:

log A = log tR,50 +
log(2

1
S−1)

H
(4.8)

where log tR,50 is the logarithmic gradient retention time where the value of HSA
binding is 50%. For the details of the calibration curve and comparison of the HPLC
systems see the Appendix (Figure A.3, Table A.11, A.12 and A.13).

4.6.4. HPLC method for dissolution testing of HSA nanoparticles of
MEL.

For the determination of MEL concentration during dissolution testing three-
point calibration curves were generated using linear regression analysis of peak
areas plotted against known concentrations of MEL in the range of 10-100 µM
(5 µL injection volume, R2=1.0000) and 100-1200 µM (1 µL injection volume,
R2=0.9993). Each time point per formulation was measured in triplicate. Quantitative
chromatographic analyses were performed on an Agilent 1260 liquid chromatography
system equipped with a vacuum degasser, a quaternary pump, a thermostatted
autosampler, a column temperature controller and a diode array detector (Agilent
Technologies, Palo Alto, CA, USA). Chromatographic analysis was performed at
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40 °C on a Kinetex 2.6 µm C18 100Å column (30 x 3.0 mm) (Phenomenex, Torrance,
USA), with a mobile phase flow rate of 1.0 mL/min. Composition of mobile phase
A was 0.1% (v/v) TFA in water (pH 1.9), mobile phase B was the mixture of MeCN
and water 95/5 (v/v) with 0.1% (v/v) TFA. A one-step linear gradient program was
applied: 2-100% B in the first 3.3 min, then 100% B was kept until 5.50 min and finally
at 5.51 min the percentage of B was dropped to 2%. This was followed by a 1.8 min
equilibration period prior to the next injection. Chromatograms were registered at a
wavelength of 220 ± 4 nm. ChemStation B.04.03 was used for data acquisition and
analysis.

4.6.5. HPLC method for permeability measurement of HSA
nanoparticles of MEL.

For the determination of MEL concentrations in the donor and acceptor wells,
a six-point calibration curve was generated using linear regression analysis of
peak areas plotted against known concentrations of MEL in the range of 1-300 µM
(R2=0.9996). Quantitative chromatographic analyses were performed using a
SHIMADZU Prominence Modular HPLC system equipped with a vacuum degasser,
a binary pump, a thermostatted autosampler, a column temperature controller and
a photodiode array detector (Shimadzu Corporation, Japan). Chromatographic
analysis was performed at 45 °C on a Cortecs® C18+ 2.7 µm column (50 x 3.0 mm)
(Waters Ltd., Budapest, Hungary), with a mobile phase flow rate of 1.0 mL/min.
Composition of mobile phase A was 0.1% (v/v) formic acid in water (pH 1.9), mobile
phase B was the mixture of MeCN and water 95/5 (v/v) with 0.1% (v/v) formic
acid. A one-step linear gradient program was applied: 0% B in the first 0.3 min,
then 0-100% between 0.3 and 3.8 min, the 100% B was kept for 1.2 min and finally,
at 4.41 min the percentage of B was dropped to 0%. This was followed by a 1.2 min
equilibration period prior to the next injection. Chromatograms were registered at a
wavelength of 220 ± 4 nm. LabSolutions v. 5.93 was used for data acquisition and
analysis.
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4.7. Statistical analysis

The linear and non-linear regression analyses, t-tests of experimental data and
ANOVA with post hoc tests were carried out using the GraphPad Prism software
v. 7.0.200 In the sum of ranking differences (SRD) test used for selection of the best
experimental conditions for the measurement of transcorneal permeability, the results
for each artificial membrane model for each compound were ranked in the order of
increasing permeability (Pe) values. Then, the difference between the ranks of model
results and the ranks of the ex vivo permeability references (also in increasing order)
was computed. Finally, the absolute values of differences were summed together,
resulting in the lowest SRD value for the model which gave the closest permeability
results to the ex vivo permeability reference.236
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Independent of the route of administration, drug molecules entering the
human body will encounter biological macromolecules such as plasma proteins,
phospholipids of lipid bilayers, macromolecular additives of their formulations and
at the site of action, the receptor proteins on which they exert their therapeutic action.
These encounters provide plenty of opportunities for interactions between APIs and
macromolecules. As the formed interactions greatly affect the pharmacokinetic (PK)
and pharmacodynamic (PD) behavior of APIs, studying these interactions can help
medicinal chemists in rational drug design of new chemical entities by improving
their PK and PD performance, meanwhile, avoiding unfavorable interactions which
might lead to attrition of drug candidates. Extensive knowledge of these interactions
can also further help the drug development process to find the most favorable
complexing agents to selected APIs when optimizing drug formulations.

The work described in this thesis contributes to these efforts by means of
the development of novel techniques for the investigation of API–macromolecule
interactions to gather further information on the interplay between the associating
molecules.

In the first part of our work, the development of an advanced method has been
introduced for the measurement of complex stability constants of API–CD complexes
based on the partition coefficient method using pH-metric titration. By means of
this improved method, the complex stability constants could be determined faster
than the classical partition coefficient method, without measuring the actual API
concentrations, using Bjerrum plots of pH-metric titration. The required amount
of samples and solvents needed for measurement could be also decreased. We
refined our method with the introduction of a corrected octanol–water phase ratio
to the calculations, which accounted for the effect of octanol–CD complexation
in the system. Within the confines of the development of our method, we also
provided experimental data on the measured logP value of fluorescent-labeled
HPBCD derivative. Based on this result, the logP value of HPBCD could be
more precisely estimated than previously (–2.5 < logPHPBCD < –3.0), supporting
our methods initial hypothesis that the presence of CD is negligible in the octanol
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phase. In the future, this experimental value can also be used as a reference to predict
the partition coefficients of CDs more precisely.

In the second part of our research, HSA–API complexes have been investigated.
The development of a UV-pH titration-based screening method was described which
can help in rapid and cost-effective identification of APIs with high binding affinity
to HSA. The method is orthogonal to previously described methods and can be in
the case of molecules containing ionization centers. Based on experimental data
of classical methods, we proved that the pKa shifts (∆pKa) measured by means of
this method are proportional to HSA binding of APIs. In the case of multiprotic
molecules, using molecular docking, we demonstrated that the pKa shifts of different
magnitudes in the case of distinct ionization centers provide structural information on
the binding mode of the API. Furthermore, to elucidate the significance of ionization
centers in complex formation, we also studied modified analogues of APIs with
neutralized protonation centers. The results clearly showed that decreased HSA
binding can be achieved by this approach, resulting in molecules with improved
PK behavior. Therefore, the UV-pH HSA titration method, combined with in silico
support, might be used in the future as a novel medicinal chemistry tool to assist
researchers in the rational drug design to decrease the high attrition rate in later
stages of drug discovery.

In another project, in cooperation with the Faculty of Pharmacy at University of
Szeged, we studied the complexation of the NSAID meloxicam (MEL) with HSA
nanoparticles. We investigated the dissolution and permeability of the optimized
HSA nanoparticles containing Tween and compared the results with experimental
data of crystallized powder of the API and the formulation without Tween content.
The in vitro dissolution studies carried out by RED device showed a substantial
increase in the dissolution rate of MEL in the case of both nanoparticle formulations
and the additional solubilizing effect of Tween could be also observed. PAMPA
permeability studies showed similar results: the solubility of MEL could be increased
approximately 40-fold by encapsulation in HSA nanoparticles. Although the
permeability of MEL from the formulations was significantly lower than that of solid
MEL, the fluxes of nanoparticle formulations were considerably higher, which can be
explained the favorable solubility-permeability interplay of HSA complexation.

In the fourth part of our research, we introduced the development of corneal-
PAMPA, a high-throughput, in vitro, non-cellular method for the measurement
of corneal permeability. Based on experimental corneal permeability values
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of 25 active pharmaceutical ingredients (APIs), a final model with good
predictive ability (R2 = 0.880) and low mean absolute error was developed and
validated. The optimized conditions for the corneal-PAMPA were the following:
iso-pH conditions using phosphate buffer saline (PBS, pH 7.4) without cosolvent,
phosphatidylcholine (10.7 w/v %; without cholesterol) dissolved in a mixture of
hexane:dodecane:chloroform = 70:25:5 (v/v) as an artificial membrane, 4 h incubation
of the PAMPA plates at 35 °C. We also studied the model’s applicability in the case
of commercially available eye drops, which showed that dilution of eye drops is
recommended to better mimic the physiological conditions of corneal absorption.
Our model can be used in the future as an alternative solution to previously reported
expensive ex vivo, in vitro cell-based and in silico methods from the early stages of
drug discovery till the development of drug formulations.
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1. We developed a novel method for the measurement of complex stability
constants of API–HPBCD complexes based on the partition coefficient method,
using pH-metric titration. By means of the method stability constants can be
determined without measurement of actual API concentrations, based on solely
the changes in the partition coefficient of APIs. It was demonstrated that this
improved method can provide complex stability constants faster than classical
methods, using minuscule sample and solvent amounts. [IV.]

2. We developed a UV-pH titration-based screening method for the rapid and
cost-effective identification of APIs with high binding affinity to HSA that
is orthogonal to classical methods. Based on experimental data of classical
methods, we proved that the pKa shifts (∆pKa) measured via this method
are proportional to HSA binding of APIs. Using molecular docking studies
and neutralized analogues of APIs, we also demonstrated the pivotal role of
ionization centers in complex formation and proved that pKa shifts of different
magnitudes can provide structural information on the binding mode of the API
in the case of multiprotic molecules. [I.]

3. We demonstrated the superior pharmacokinetic performance of HSA
nanoparticles of meloxicam (MEL) intended for nose-to-brain delivery over
the crystallized powder form of the API. It was found that encapsulation by
HSA nanoparticles results in approximately 40-fold increase of solubility of
MEL and also provides a significant increase in the dissolution rate and flux of
MEL. In the case of the optimized Tween containing formulation, the additional
solubilizing effect of Tween was also demonstrated. [II.]

4. We developed the corneal-PAMPA model as an in vitro, non-cellular assay
with good predictive ability (R2 = 0.880) a low mean absolute error for
the prediction of corneal permeability of APIs. It was found that the
optimized conditions were iso-pH conditions (PBS pH 7.4) without cosolvent,
phosphatidylcholine (10.7 w/v %; without cholesterol) dissolved in a mixture
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of hexane:dodecane:chloroform = 70:25:5 (v/v) as an artificial membrane and
4 h incubation of the PAMPA plates at 35 °C. [III.]

5. We demonstrated the applicability of the cornea-PAMPA model in the case of
eye drops. It was found that dilution of eye drops is necessary to better mimic
the physiological conditions of corneal absorption. [III.]
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179 Müller, J.; Esső, K.; Dargó, G.; Könczöl, Á.; Balogh, G. T. Tuning the predictive
capacity of the PAMPA-BBB model. European Journal of Pharmaceutical Sciences,
2015, 79, 53–60, DOI: 10.1016/j.ejps.2015.08.019.

180 Müller, J.; Martins, A.; Csábi, J.; Fenyvesi, F.; Könczöl, Á.; Hunyadi, A.; Balogh,
G. T. BBB penetration-targeting physicochemical lead selection: Ecdysteroids
as chemo-sensitizers against CNS tumors. European Journal of Pharmaceutical
Sciences, 2017, 96, 571–577, DOI: 10.1016/j.ejps.2016.10.034.

111

https://doi.org/10.1021/jm970530e
https://doi.org/10.1016/S0378-5173(01)00845-6
https://doi.org/10.1016/S0378-5173(01)00845-6
https://doi.org/10.1177/108705710100600309
https://doi.org/10.1016/S0223-5234(03)00012-6
https://doi.org/10.1016/S0223-5234(03)00012-6
https://doi.org/10.1021/jm060230+
https://doi.org/10.1021/jm060230+
https://doi.org/10.1021/np300882f
https://doi.org/10.1016/j.ejps.2015.08.019
https://doi.org/10.1016/j.ejps.2016.10.034


Bibliography

181 Sinkó, B.; Garrigues, T. M.; Balogh, G. T.; Nagy, Z. K.; Tsinman, O.; Avdeef,
A.; Takács-Novák, K. Skin–PAMPA: A new method for fast prediction of skin
penetration. European Journal of Pharmaceutical Sciences, 2012, 45, 698–707, DOI:
10.1016/j.ejps.2012.01.011.

182 Borbás, E.; Balogh, A.; Bocz, K.; Müller, J.; Kiserdei, É.; Vigh, T.; Sinkó, B.;
Marosi, A.; Halász, A.; Dohányos, Z.; Szente, L.; Balogh, G. T.; Nagy, Z. K. In
vitro dissolution-permeation evaluation of an electrospun cyclodextrin-based
formulation of aripiprazole using µFlux™. International Journal of Pharmaceutics,
2015, DOI: 10.1016/j.ijpharm.2015.06.019.

183 Balogh, G. T.; Müller, J.; Könczöl, Á. pH-gradient PAMPA-based in vitro model
assay for drug-induced phospholipidosis in early stage of drug discovery.
European Journal of Pharmaceutical Sciences, 2013, 49, 81–89, DOI: 10.1016/j.
ejps.2013.02.005.

184 Di, L.; Kerns, E. H., Lipophilicity in: Drug-Like Properties, 2nd; Elsevier: 2016;
Chapter 5, pp 39–50, DOI: 10.1016/B978-0-12-801076-1.00005-8.

185 Arnott, J. A.; Planey, S. L. The influence of lipophilicity in drug discovery and
design. Expert Opinion on Drug Discovery, 2012, 7, 863–875, DOI: 10.1517/
17460441.2012.714363.

186 Gleeson, M. P.; Hersey, A.; Montanari, D.; Overington, J. Probing the links
between in vitro potency, ADMET and physicochemical parameters. Nature
Reviews Drug Discovery, 2011, 10, 197–208, DOI: 10.1038/nrd3367.

187 Leeson, P. D.; Empfield, J. R., Reducing the Risk of Drug Attrition Associated
with Physicochemical Properties in: Annual Reports in Medicinal Chemistry;
Academic Press: 2010; Vol. 45, pp 393–407, DOI: 10.1016/S0065-7743(10)
45024-1.

188 Waring, M. J. Lipophilicity in drug discovery. Expert Opinion on Drug Discovery,
2010, 5, 235–248, DOI: 10.1517/17460441003605098.

189 Johnson, T. W.; Dress, K. R.; Edwards, M. Using the Golden Triangle to optimize
clearance and oral absorption. Bioorganic and Medicinal Chemistry Letters, 2009,
19, 5560–5564, DOI: 10.1016/j.bmcl.2009.08.045.

190 Keserü, G. M.; Makara, G. M. The influence of lead discovery strategies on the
properties of drug candidates. Nature Reviews Drug Discovery, 2009, 8, 203–212,
DOI: 10.1038/nrd2796.

112

https://doi.org/10.1016/j.ejps.2012.01.011
https://doi.org/10.1016/j.ijpharm.2015.06.019
https://doi.org/10.1016/j.ejps.2013.02.005
https://doi.org/10.1016/j.ejps.2013.02.005
https://doi.org/10.1016/B978-0-12-801076-1.00005-8
https://doi.org/10.1517/17460441.2012.714363
https://doi.org/10.1517/17460441.2012.714363
https://doi.org/10.1038/nrd3367
https://doi.org/10.1016/S0065-7743(10)45024-1
https://doi.org/10.1016/S0065-7743(10)45024-1
https://doi.org/10.1517/17460441003605098
https://doi.org/10.1016/j.bmcl.2009.08.045
https://doi.org/10.1038/nrd2796


Bibliography

191 Di, L.; Kerns, E. H., Lipophilicity Methods in: Drug-Like Properties; Elsevier:
2016, pp 299–306, DOI: 10.1016/B978-0-12-801076-1.00023-X.

192 Nakajun, T.; Sunagawa, M.; Hirohashi, T. Studies of cyclodextrin inclusion
complexes. II. Application of the partition coefficient method. Chemical &
Pharmaceutical Bulletin, 1984, 32, 401–408, DOI: 10.1248/cpb.32.401.

193 Loftsson, T. Excipient pharmacokinetics and profiling. International Journal of
Pharmaceutics, 2015, 480, 48–54, DOI: 10.1016/j.ijpharm.2015.01.022.

194 Saokham, P.; Loftsson, T. γ-Cyclodextrin. International Journal of Pharmaceutics,
2017, 516, 278–292, DOI: 10.1016/j.ijpharm.2016.10.062.

195 Chemaxon Ltd. Calculator Plugins were
used for structure property prediction and calculation, MarvinSketch 19.19.0,
https://www.chemaxon.com/products/calculators-and-predictors (accessed
Dec 2019), 2019.

196 Molinspiration Cheminformatics Molinspiration property calculation service,
2017.

197 Tetko, I. V.; Gasteiger, J.; Todeschini, R.; Mauri, A.; Livingstone, D.; Ertl, P.;
Palyulin, V. A.; Radchenko, E. V.; Zefirov, N. S.; Makarenko, A. S.; Tanchuk,
V. Y.; Prokopenko, V. V. Virtual computational chemistry laboratory - Design
and description. Journal of Computer-Aided Molecular Design, 2005, 19, 453–463,
DOI: 10.1007/s10822-005-8694-y.

198 VCCLAB Virtual Computational Chemistry Laboratory (VCCLAB), 2017.

199 Connors, K. A., Binding Constants: The Measurement of Molecular Complex Stability;
2003; Wiley: 1987; Vol. 47.

200 GraphPad Software La Jolla California, USA, GraphPad Prism version 7.03 for
Windows was used. La Jolla California, USA.

201 Mehta, S. K.; Bhasin, K. K.; Dham, S. Energetically favorable interactions
between diclofenac sodium and cyclodextrin molecules in aqueous media.
Journal of Colloid and Interface Science, 2008, 326, 374–381, DOI: 10.1016/j.jcis.
2008.06.039.

202 Tayade, P. T.; Vavia, P. R. Inclusion complexes of Ketoprofen with beta-
cyclodextrins: Oral pharmacokinetics of Ketoprofen in human. Indian Journal of
Pharmaceutical Sciences, 2006, 68, 164–170, DOI: 10.4103/0250-474X.25709.

113

https://doi.org/10.1016/B978-0-12-801076-1.00023-X
https://doi.org/10.1248/cpb.32.401
https://doi.org/10.1016/j.ijpharm.2015.01.022
https://doi.org/10.1016/j.ijpharm.2016.10.062
https://doi.org/10.1007/s10822-005-8694-y
https://doi.org/10.1016/j.jcis.2008.06.039
https://doi.org/10.1016/j.jcis.2008.06.039
https://doi.org/10.4103/0250-474X.25709


Bibliography

203 Misiuk, W.; Zalewska, M. Spectroscopic investigations on the inclusion
interaction between hydroxypropyl-β-cyclodextrin and bupropion. Journal of
Molecular Liquids, 2011, 159, 220–225, DOI: 10.1016/j.molliq.2011.01.014.

204 Másson, M.; Karlsson, F. J.; Valdimarsdóttir, M.; Magnúsdóttir, K.; Loftsson, T.
Cyclodextrins and the liquid-liquid phase distribution of progesterone, estrone
and prednicarbate. Journal of Inclusion Phenomena and Macrocyclic Chemistry,
2007, 57, 481–487, DOI: 10.1007/s10847-006-9238-3.

205 Lutka, A. Investigation of interaction of promethazine with cyclodextrins. Acta
Poloniae Pharmaceutica - Drug Research, 2002, 59, 45–51.

206 Chen, K. H.; Lin, C. E.; Liao, W. S.; Lin, W. Y.; Hsiao, Y. Y. Separation and
migration behavior of structurally related phenothiazines in cyclodextrin-
modified capillary zone electrophoresis. Journal of Chromatography A, 2002,
979, 399–408, DOI: 10.1016/S0021-9673(02)01501-7.

207 Sridevi, S.; Diwan, P. V. R. Optimized transdermal delivery of ketoprofen using
pH and hydroxypropyl-ß-cyclodextrin as co-enhancers. European Journal of
Pharmaceutics and Biopharmaceutics, 2002, 54, 151–154, DOI: 10.1016/S0939-
6411(02)00056-5.

208 Orienti, I; Zecchi, V; Bertasi, V; Fini, A Release of ketoprofen from dermal
bases in presence of cyclodextrins: Effect of the affinity constant determined
in semisolid vehicles. Archiv der Pharmazie, 1991, 324, 943–947, DOI: 10.1002/
ardp.2503241201.

209 Mura, P; Bettinetti, G. P.; Manderioli, A; Faucci, M. T.; Bramanti, G; Sorrenti, M
Interactions of ketoprofen and ibuprofen with β-cyclodextrins in solution and
in the solid state. International Journal of Pharmaceutics, 1998, 166, 189–203, DOI:
10.1016/S0378-5173(98)00035-0.

210 Pose-Vilarnovo, B; Santana-Penín, L; Echezarreta-López, M; Pérez-Marcos,
M. B.; Vila-Jato, J. L.; Torres-Labandeira, J. J. Interaction of diclofenac sodium
with β- and hydroxypropyl-β-cyclodextrin in solution. STP Pharma Sciences,
1999, 9, 231–236.

211 Abdoh, A. A.; Zughul, M. B.; Davies, J. E. D.; Badwan, A. A. Inclusion
complexation of diclofenac with natural and modified cyclodextrins explored
through phase solubility, 1H-NMR and molecular modeling studies. Journal of

114

https://doi.org/10.1016/j.molliq.2011.01.014
https://doi.org/10.1007/s10847-006-9238-3
https://doi.org/10.1016/S0021-9673(02)01501-7
https://doi.org/10.1016/S0939-6411(02)00056-5
https://doi.org/10.1016/S0939-6411(02)00056-5
https://doi.org/10.1002/ardp.2503241201
https://doi.org/10.1002/ardp.2503241201
https://doi.org/10.1016/S0378-5173(98)00035-0


Bibliography

Inclusion Phenomena and Macrocyclic Chemistry, 2007, 57, 503–510, DOI: 10.1007/
s10847-006-9241-8.

212 Hardman, J. G.; Limbird, L. E.; Gilman, A. G., Goodman & Gilman’s The
Pharmacological Basis of Therapeutics, 10th ed.; McGraw-Hill: 2001.

213 Singh, S. S.; Mehta, J. Measurement of drug–protein binding by immobilized
human serum albumin-HPLC and comparison with ultrafiltration. Journal of
Chromatography B, 2006, 834, 108–116, DOI: 10.1016/j.jchromb.2006.02.053.

214 Zhang, F.; Xue, J.; Shao, J.; Jia, L. Compilation of 222 drugs’ plasma protein
binding data and guidance for study designs, 2012, DOI: 10.1016/j.drudis.
2011.12.018.

215 Brunton, L. L.; Hilal-Dandan, R.; Knollmann, B. C. E., Goodman & Gilman’s The
Pharmacological Basis of Therapeutics, 13th ed.; McGraw-Hill Education: 2018.

216 Valko, K.; Nunhuck, S.; Bevan, C.; Abraham, M. H.; Reynolds, D. P. Fast
Gradient HPLC Method to Determine Compounds Binding to Human Serum
Albumin. Relationships with Octanol/Water and Immobilized Artificial
Membrane Lipophilicity. Journal of Pharmaceutical Sciences, 2003, 92, 2236–2248,
DOI: 10.1002/jps.10494.

217 Hollósy, F.; Valkó, K.; Hersey, A.; Nunhuck, S.; Kéri, G.; Bevan, C. Estimation
of Volume of Distribution in Humans from High Throughput HPLC-Based
Measurements of Human Serum Albumin Binding and Immobilized Artificial
Membrane Partitioning. Journal of Medicinal Chemistry, 2006, 49, 6958–6971, DOI:
10.1021/jm050957i.

218 Zhang, Y.; Lee, P.; Liang, S.; Zhou, Z.; Wu, X.; Yang, F.; Liang, H. Structural
Basis of Non-Steroidal Anti-Inflammatory Drug Diclofenac Binding to Human
Serum Albumin. Chemical Biology & Drug Design, 2015, 86, 1178–1184, DOI:
10.1111/cbdd.12583.

219 Ghuman, J.; Zunszain, P. A.; Petitpas, I.; Bhattacharya, A. A.; Otagiri, M.; Curry,
S. Structural Basis of the Drug-binding Specificity of Human Serum Albumin.
Journal of Molecular Biology, 2005, 353, 38–52, DOI: 10.1016/j.jmb.2005.07.
075.

220 Gleeson, M. P. Plasma Protein Binding Affinity and Its Relationship to Molecular
Structure: An In-silico Analysis. Journal of Medicinal Chemistry, 2007, 50, 101–112,
DOI: 10.1021/jm060981b.

115

https://doi.org/10.1007/s10847-006-9241-8
https://doi.org/10.1007/s10847-006-9241-8
https://doi.org/10.1016/j.jchromb.2006.02.053
https://doi.org/10.1016/j.drudis.2011.12.018
https://doi.org/10.1016/j.drudis.2011.12.018
https://doi.org/10.1002/jps.10494
https://doi.org/10.1021/jm050957i
https://doi.org/10.1111/cbdd.12583
https://doi.org/10.1016/j.jmb.2005.07.075
https://doi.org/10.1016/j.jmb.2005.07.075
https://doi.org/10.1021/jm060981b


Bibliography

221 Borbás, E.; Sinkó, B.; Tsinman, O.; Tsinman, K.; Kiserdei, É.; Démuth, B.; Balogh,
A.; Bodák, B.; Domokos, A.; Dargó, G.; Balogh, G. T.; Nagy, Z. K. Investigation
and Mathematical Description of the Real Driving Force of Passive Transport of
Drug Molecules from Supersaturated Solutions. Molecular Pharmaceutics, 2016,
13, 3816–3826, DOI: 10.1021/acs.molpharmaceut.6b00613.

222 Marx, D.; Williams, G.; Birkhoff, M., Intranasal Drug Administration — An
Attractive Delivery Route for Some Drugs in: Drug Discovery and Development -
From Molecules to Medicine; InTech: 2015, DOI: 10.5772/59468.

223 Dahan, A.; Miller, J. M. The Solubility–Permeability Interplay and Its
Implications in Formulation Design and Development for Poorly Soluble Drugs.
The AAPS Journal, 2012, 14, 244–251, DOI: 10.1208/s12248-012-9337-6.

224 Wang, W.; Sasaki, H.; Chien, D.-S.; Lee, V. H. Lipophilicity influence on
conjunctival drug penetration in the pigmented rabbit: A comparison with
corneal penetration. Current Eye Research, 1991, 10, 571–579, DOI: 10.3109/
02713689109001766.

225 Huang, H.-S.; Schoenwald, R. D. Corneal Penetration Behavior of β-Blocking
Agents I: Physicochemical Factors. Journal of Pharmaceutical Sciences, 1983, 72,
1266–1272, DOI: 10.1002/jps.2600721108.

226 Rusinko, A.; Hellberg, M. R.; May, J. A.; Owen, G. R. Use of MDCK cell line to
predict corneal penetration of drugs. 2008.

227 Tang-Liu, D. D.; Richman, J. B.; Weinkam, R. J.; Takruri, H. Effects of four
penetration enhancers on corneal permeability of drugs in vitro. Journal of
Pharmaceutical Sciences, 1994, DOI: 10.1002/jps.2600830120.

228 Tai, M. C.; Lu, D. W.; Chiang, C. H. Corneal and Scleral Permeability of
Quinolones - A Pharmacokinetics Study. Journal of Ocular Pharmacology and
Therapeutics, 2003, DOI: 10.1089/108076803322660468.

229 Chiang, C.; Schoenwald, R. D.; Huang, H. Corneal permeability of adrenergic
agents potentially useful in glaucoma. Journal of the Taiwan Pharmaceutical
Association, 1986, 67–84.

230 Grass, G. M.; Robinson, J. R. Mechanisms of corneal drug penetration I: In vivo
and in vitro kinetics. Journal of Pharmaceutical Sciences, 1988, DOI: 10.1002/jps.
2600770103.

116

https://doi.org/10.1021/acs.molpharmaceut.6b00613
https://doi.org/10.5772/59468
https://doi.org/10.1208/s12248-012-9337-6
https://doi.org/10.3109/02713689109001766
https://doi.org/10.3109/02713689109001766
https://doi.org/10.1002/jps.2600721108
https://doi.org/10.1002/jps.2600830120
https://doi.org/10.1089/108076803322660468
https://doi.org/10.1002/jps.2600770103
https://doi.org/10.1002/jps.2600770103


Bibliography

231 Schoenwald, R. D.; Ward, R. L. Relationship between steroid permeability
across excised rabbit cornea and octanol-water partition coefficients. Journal of
Pharmaceutical Sciences, 1978, DOI: 10.1002/jps.2600670614.

232 Eller, M. G.; Schoenwald, R. D.; Dixson, J. A.; Segarra, T.; Barfknecht, C. F.
Topical carbonic anhydrase inhibitors III: Optimization model for corneal
penetration of ethoxzolamide analogues. Journal of Pharmaceutical Sciences, 1985,
DOI: 10.1002/jps.2600740210.

233 Schoenwald, R. D. Ocular Drug Delivery. Clinical Pharmacokinetics, 1990, 18,
255–269, DOI: 10.2165/00003088-199018040-00001.

234 Muchtar, S.; Abdulrazik, M.; Frucht-Pery, J.; Benita, S. Ex-vivo permeation study
of indomethacin from a submicron emulsion through albino rabbit cornea.
Journal of Controlled Release, 1997, DOI: 10.1016/S0168-3659(96)01503-9.

235 Igarashi, H.; Sato, Y.; Hamada, S.; Kawasaki, T. Studies on Rabbit Corneal
Permeability of Local Anesthetics (I). The Japanese Journal of Pharmacology, 1984,
DOI: 10.1254/jjp.34.429.

236 Héberger, K.; Kollár-Hunek, K. Sum of ranking differences for method
discrimination and its validation: Comparison of ranks with random numbers.
Journal of Chemometrics, 2011, DOI: 10.1002/cem.1320.

237 Allen, R.; Box, K.; Comer, J.; Peake, C.; Tam, K. Multiwavelength
spectrophotometric determination of acid dissociation constants of ionizable
drugs. Journal of Pharmaceutical and Biomedical Analysis, 1998, 17, 699–712, DOI:
10.1016/S0731-7085(98)00010-7.

238 Avdeef, A. pH-metric log P. II: Refinement of partition coefficients and
lonization constants of multiprotic substances. Journal of Pharmaceutical Sciences,
1993, 82, 183–190, DOI: 10.1002/jps.2600820214.

239 Tam, K. Y.; Takács-Novák, K. Multi-wavelength spectrophotometric
determination of acid dissociation constants: a validation study. Analytica
Chimica Acta, 2001, 434, 157–167, DOI: 10.1016/S0003-2670(01)00810-8.

240 Box, K.; Bevan, C.; Comer, J.; Hill, A.; Allen, R.; Reynolds, D. High-throughput
measurement of pKa values in a mixed-buffer linear pH gradient system.
Analytical Chemistry, 2003, DOI: 10.1021/ac020329y.

117

https://doi.org/10.1002/jps.2600670614
https://doi.org/10.1002/jps.2600740210
https://doi.org/10.2165/00003088-199018040-00001
https://doi.org/10.1016/S0168-3659(96)01503-9
https://doi.org/10.1254/jjp.34.429
https://doi.org/10.1002/cem.1320
https://doi.org/10.1016/S0731-7085(98)00010-7
https://doi.org/10.1002/jps.2600820214
https://doi.org/10.1016/S0003-2670(01)00810-8
https://doi.org/10.1021/ac020329y


Bibliography

241 Madhavi Sastry, G.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W.
Protein and ligand preparation: parameters, protocols, and influence on virtual
screening enrichments. Journal of Computer-Aided Molecular Design, 2013, 27,
221–234, DOI: 10.1007/s10822-013-9644-8.

242 Schrödinger Release 2018–4: Protein Preparation Wizard, Schrödinger, LLC,
New York, NY, 2018.

243 Schrödinger Release 2018–4: LigPrep, Schrödinger, LLC, New York, NY, 2018.

244 Harder, E. et al. OPLS3: A Force Field Providing Broad Coverage of Drug-like
Small Molecules and Proteins. Journal of Chemical Theory and Computation, 2016,
12, 281–296, DOI: 10.1021/acs.jctc.5b00864.

245 Friesner, R. A.; Murphy, R. B.; Repasky, M. P.; Frye, L. L.; Greenwood, J. R.;
Halgren, T. A.; Sanschagrin, P. C.; Mainz, D. T. Extra precision glide: Docking
and scoring incorporating a model of hydrophobic enclosure for protein-ligand
complexes. Journal of Medicinal Chemistry, 2006, DOI: 10.1021/jm051256o.

246 Schrödinger Release 2018–4: Glide, Schrödinger, LLC, New York, NY, 2018.

247 Lederer, C. M.; Harold, R. E. Drop size of commercial glaucoma medications.
American Journal of Ophthalmology, 1986, DOI: 10.1016/0002-9394(86)90771-3.

248 Vogt, F. G.; Yin, H.; Forcino, R. G.; Wu, L. 17 O Solid-State NMR as a Sensitive
Probe of Hydrogen Bonding in Crystalline and Amorphous Solid Forms
of Diflunisal. Molecular Pharmaceutics, 2013, 10, 3433–3446, DOI: 10 . 1021 /
mp400275w.

249 Khaletskii, A. M.; Pesin, V. G.; Syan, D.-Z. Chemistry of pyrazolidine. I.
Synthesis and study of some mono- and disubstituted 1,2-diphenyl-3,5-
dioxopyrazolidines. Zhurnal Obshchei Khimii, 1958, 28, 2355–2359.

118

https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1021/acs.jctc.5b00864
https://doi.org/10.1021/jm051256o
https://doi.org/10.1016/0002-9394(86)90771-3
https://doi.org/10.1021/mp400275w
https://doi.org/10.1021/mp400275w


A. Supporting data

A.1. Supporting data related to the development of the pH-
metric partition coefficient method

TABLE A.1: Experimental data for determination of logPo/w of FITC-NH-HPBCD.

Sample coct (µM) caq (µM) Po/w logPo/w

1 5.420 18.701 0.019 −1.71

2 5.534 16.997 0.022 −1.66

3 5.610 15.851 0.024 −1.63

4 5.675 14.872 0.025 −1.59

5 5.638 15.433 0.024 −1.61

FIGURE A.1: Effect of increasing cHPBCD on the total octanol concentration (coct) in the aqueous
phase of octanol–water system without and in the presence of APIs. PRO – Promethazine

HCl, KET – Ketoprofen, DIC – Diclofenac sodium, BUP – Bupropion HCl.
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TABLE A.2: Experimental data of determination solubility of octanol in the aqueous phase as a function of HPBCD concentration.

without API with PRO with KET with DIC with BUP

cHPBCD

(M)
coct

(M)
SD

cHPBCD

(M)
coct

(M)
SD

cHPBCD

(M)
coct

(M)
SD

cHPBCD

(M)
coct

(M)
SD

cHPBCD

(M)
coct

(M)
SD

0.000 0.003 0.001 0.000 0.003 0.001 0.000 0.003 0.001 0.000 0.003 0.001 0.000 0.003 0.001

0.024 0.021 0.000 0.024 0.021 0.000 0.023 0.020 0.000 0.023 0.018 0.001 0.024 0.021 0.000

0.028 0.024 0.001 0.028 0.023 0.002 0.027 0.021 0.003 0.027 0.023 0.002 0.028 0.027 0.002

0.033 0.028 0.002 0.033 0.027 0.000 0.032 0.026 0.001 0.032 0.025 0.001 0.033 0.030 0.001

0.045 0.034 0.000 0.045 0.034 0.000 0.045 0.033 0.002 0.043 0.033 0.001 0.045 0.034 0.003

0.055 0.042 0.001 0.055 0.043 0.002 0.054 0.039 0.000 0.051 0.039 0.005 0.055 0.039 0.001

0.064 0.042 0.000 0.064 0.050 0.004 0.064 0.044 0.003 0.059 0.040 0.001 0.064 0.047 0.001

0.067 0.050 0.001 0.067 0.049 0.001 0.067 0.047 0.001 0.061 0.043 0.002 0.067 0.047 0.001

0.080 0.050 0.001 0.080 0.057 0.002 0.079 0.054 0.002 0.071 0.048 0.000 0.079 0.055 0.002

0.081 0.059 0.001 0.081 0.057 0.001 0.080 0.057 0.001 0.072 0.047 0.003 0.080 0.056 0.000

0.101 0.060 0.000 0.101 0.068 0.000 0.100 0.066 0.002 0.088 0.057 0.001 0.101 0.070 0.002

0.102 0.075 0.002 0.102 0.073 0.002 0.101 0.065 0.003 0.089 0.054 0.003 0.103 0.068 0.002



A.1. Supporting data related to the development of the pH-metric partition
coefficient method

TABLE A.3: Results of potentiometric pKa and logP measurements of promethazine HCl
(PRO) in the presence of various HPBCD concentrations.

cHPBCD

(mM)
SD pKa SD poKa SD r r* log PN

o/w SD 1/ PN
o/w

0 - 9.00a 0.04 5.45 0.04 0.188 - 4.34 0.08 4.57 ·10−3

cHPBCD

(mM)
SD pKa,app SD poKa,app SD r r* log PN

app SD 1/ PN
app

23.88 0.08

8.31 0.02

6.61 0.03 0.056 0.054 2.96 0.04 1.56 ·10−3

28.08 0.09 6.73 0.03 0.049 0.047 2.90 0.03 1.27 ·10−3

33.44 0.01 6.93 0.02 0.039 0.036 2.81 0.03 1.10 ·10−3

45.09 0.12

8.38 0.02

6.94 0.03 0.053 0.048 2.74 0.03 2.69 ·10−3

54.56 0.20 7.05 0.01 0.048 0.042 2.68 0.01 2.07 ·10−3

66.92 0.03 7.27 0.01 0.039 0.032 2.57 0.01 3.78 ·10−3

64.28 0.82

8.47 0.01

7.17 0.03 0.050 0.044 2.63 0.03 1.82 ·10−3

79.43 0.64 7.31 0.02 0.047 0.038 2.54 0.02 2.86 ·10−3

100.40 0.10 7.53 0.04 0.039 0.029 2.42 0.05 4.03 ·10−3

80.64 0.05
8.52 0.03

7.37 0.01 0.047 0.039 2.54 0.01 2.32 ·10−3

102.29 0.08 7.54 0.02 0.045 0.035 2.40 0.03 2.91 ·10−3

r is the volume ratio of the octanol and aqueous phases (Vo/Vw), r* is the corrected volume ratio
(V∗o /Vw), which takes into account the fraction of octanol phased dissolving into the aqueous phase
due to CD complexation.
a Aqueous pKa in HPBCD-free medium was measured by UV-pH titration due to low aqueous
solubility of PRO.
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TABLE A.4: Results of potentiometric pKa and logP measurements of ketoprofen (KET) in
the presence of various HPBCD concentrations.

cHPBCD

(mM)
SD pKa SD poKa SD r r* log PN

o/w SD 1/ PN
o/w

0 - 4.00a 0.01 5.93 0.02 0.063 - 3.13 0.05 7.41·10−4

cHPBCD

(mM)
SD pKa,app SD poKa,app SD r r* log PN

app SD 1/ PN
app

22.79 0.12
4.44 0.01

5.84 0.02 0.122 0.120 2.31 0.01 4.95 ·10−3

26.39 0.12 5.66 0.02 0.095 0.092 2.23 0.02 5.85 ·10−3

44.64 0.28

4.54 0.03

5.74 0.02 0.120 0.115 1.99 0.02 1.03·10−2

53.69 0.12 5.56 0.02 0.096 0.091 2.02 0.03 9.57 ·10−3

65.59 0.05 5.28 0.02 0.059 0.052 1.94 0.02 1.16·10−2

63.15 0.72

4.62 0.02

5.66 0.03 0.113 0.106 1.96 0.02 1.09·10−2

77.99 0.35 5.47 0.01 0.093 0.085 1.85 0.01 1.41·10−2

98.35 0.08 5.19 0.01 0.059 0.049 1.73 0.02 1.86·10−2

79.05 0.60 4.71 0.01 5.61 0.03 0.106 0.098 1.83 0.04 1.48·10−2

r is the volume ratio of the octanol and aqueous phases (Vo/Vw), r* is the corrected volume ratio
(V∗o /Vw), which takes into account the fraction of octanol phased dissolving into the aqueous phase
due to CD complexation.
a Aqueous pKa in HPBCD-free medium was measured by UV-pH titration due to low aqueous
solubility of KET.
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TABLE A.5: Results of potentiometric pKa and logP measurements of diclofenac sodium
(DIC) in the presence of various HPBCD concentrations.

cHPBCD

(mM)
SD pKa SD poKa SD r r* log PN

o/w SD 1/ PN
o/w

0 - 4.05a 0.02 7.24 0.01 0.125 - 4.22 0.07 6.03 ·10−5

cHPBCD

(mM)
SD pKa,app SD poKa,app SD r r* log PN

app SD 1/ PN
app

26.44 0.06
4.33 0.02

7.10 0.01 0.095 0.092 3.81 0.01 1.56·10−4

30.76 0.07 6.82 0.02 0.055 0.052 3.79 0.02 1.61·10−4

49.96 0.54
4.40 0.03

6.96 0.01 0.090 0.084 3.63 0.01 2.33·10−4

59.65 0.58 6.71 0.04 0.054 0.047 3.63 0.04 2.35·10−4

58.20 1.60
4.43 0.02

7.18 0.02 0.138 0.132 3.62 0.03 2.42·10−4

70.08 1.92 6.90 0.01 0.084 0.076 3.58 0.03 2.66·10−4

71.40 1.94
4.50 0.03

7.16 0.02 0.127 0.120 3.57 0.01 2.67·10−4

87.72 2.09 6.88 0.02 0.078 0.069 3.50 0.02 3.14·10−4

r is the volume ratio of the octanol and aqueous phases (Vo/Vw), r* is the corrected volume ratio
(V∗o /Vw), which takes into account the fraction of octanol phased dissolving into the aqueous phase
due to CD complexation.
a Aqueous pKa in HPBCD-free medium was measured by UV-pH titration due to low aqueous
solubility of DIC.
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TABLE A.6: Results of potentiometric pKa and logP measurements of bupropion
hydrochloride (BUP) in the presence of various HPBCD concentrations.

cHPBCD

(mM)
SD pKa SD poKa SD r r* log PN

o/w SD
1

PN
o/w

0 - 8.35a 0.02 6.34 0.01 0.063 - 3.27 0.03 5.37·10−4

cHPBCD

(mM)
SD pKa,app SD poKa,app SD r r* log PN

app SD 1/ PN
app

23.32 0.22

7.54 0.04

6.41 0.03 0.111 0.109 2.06 0.03 8.65 ·10−3

27.45 0.15 6.51 0.01 0.099 0.096 2.01 0.01 9.79 ·10−3

32.63 0.01 6.65 0.01 0.078 0.075 1.95 0.02 1.13·10−2

44.6 0.27

7.57 0.03

6.67 0.01 0.106 0.102 1.82 0.01 1.51·10−2

53.51 0.23 6.75 0.01 0.096 0.09 1.77 0.01 1.69·10−2

65.42 0.09 6.89 0.01 0.079 0.072 1.71 0.01 1.97·10−2

77.44 0.84
7.61 0.01

6.93 0.01 0.093 0.085 1.65 0.01 2.24·10−2

98.19 0.08 7.08 0.01 0.079 0.069 1.55 0.01 2.28·10−2

100.62 0.56 7.68 0.01 7.09 0.02 0.09 0.08 1.56 0.02 2.78·10−2

r is the volume ratio of the octanol and aqueous phases (Vo/Vw), r* is the corrected volume ratio
(V∗o /Vw), which takes into account the fraction of octanol phased dissolving into the aqueous phase
due to CD complexation.
a Aqueous pKa in HPBCD-free medium was measured by UV-pH titration due to low aqueous
solubility of BUP.
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A.2. Results of spectrophotometric pKa measurements

Based on the changes between the measured proton dissociation constant (Ka)
and apparent proton dissociation constants (Ka,app), the complex stability constants
of neutral and ionic molecule forms can be calculated based on the following Benesi-
Hildebrand equation by plotting Ka/(Ka,app- Ka) as a function of 1/cCD:

Ka

Ka,app − Ka
=

1
cCD · (K1:1,b − K1:1,a)

+
K1:1,a

K1:1,b − K1:1,a
(A.1)

where cCD is the concentration of cyclodextrins, K1:1,a and K1:1,b are the stability
constants of 1:1 stoichiometry API–CD complexes. For molecules with a basic
ionizable group, K1:1,a is assigned to the ionic molecule form and K1:1,b is assigned
to the neutral molecular form. For molecules with an acidic ionizable group, vice
versa. Fitting a line onto data points using linear regression, K1:1,a and K1:1,b can be
calculated from the slope and y-intercept of the regression line:

K1:1,a =
intercept

slope
(A.2)

K1:1,b =
1 + intercept

slope
(A.3)
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TABLE A.7: Results of UV-pH pKa measurements of promethazine HCl (PRO).

cHPBCD

(mM)
SD pKa SD

0 - 9.03 0.02

cHPBCD

(mM)
SD pKa,app SD

1
cHPBCD

(M−1)
Ka

Ka,app −Ka

0.53 0.04 8.52 0.05 1875.51 0.447

1.55 0.12 8.29 0.03 643.60 0.222

2.39 0.20 8.20 0.02 418.24 0.174

3.18 0.27 8.16 0.01 314.16 0.156

4.70 0.39 8.12 0.01 212.65 0.140

5.99 0.78 8.10 0.02 166.95 0.133

TABLE A.8: Results of UV-pH pKa measurements of ketoprofen (KET).

cHPBCD

(mM)
SD pKa SD

0 - 4.00 0.01

cHPBCD

(mM)
SD pKa,app SD

1
cHPBCD

(M−1)
Ka

Ka,app −Ka

0.54 0.04 4.15 0.04 1866.70 −3.557

1.53 0.10 4.28 0.02 653.42 −2.090

2.37 0.15 4.30 0.03 422.07 −1.996

3.27 0.20 4.34 0.04 305.80 −1.864

4.83 0.38 4.37 0.03 207.18 −1.757

6.18 0.92 4.41 0.01 161.76 −1.648
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TABLE A.9: Results of UV-pH pKa measurements of diclofenac sodium (DIC).

cHPBCD

(mM)
SD pKa SD

0 - 4.05 0.02

cHPBCD

(mM)
SD pKa,app SD

1
cHPBCD

(M−1)
Ka

Ka,app −Ka

0.56 0.02 4.09 0.02 1782.44 −11.727

1.69 0.06 4.15 0.02 593.08 −4.854

2.53 0.09 4.18 0.01 395.70 −3.967

3.34 0.12 4.21 0.02 299.82 −3.274

5.05 0.18 4.23 0.02 197.86 −2.927

6.74 0.23 4.25 0.02 148.26 −2.723

TABLE A.10: Results of UV-pH pKa measurements of bupropion hydrochloride (BUP).

cHPBCD

(mM)
SD pKa SD

0 - 8.35 0.02

cHPBCD

(mM)
SD pKa,app SD

1
cHPBCD

(M−1)
Ka

Ka,app −Ka

0.43 0.02 8.12 0.05 2314.59 1.472

1.31 0.08 7.87 0.03 762.00 0.503

1.96 0.13 7.80 0.02 509.52 0.393

2.57 0.15 7.71 0.01 389.33 0.300

3.77 0.16 7.62 0.01 264.94 0.229

4.97 0.00 7.53 0.02 201.40 0.182
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FIGURE A.2: Determination of the complex stability constants (K1:1,a, K1:1,b) using the Benesi-
Hildebrand equation. PRO – Promethazine HCl, KET– Ketoprofen, DIC – Diclofenac sodium,
BUP – Bupropion HCl, cHPBCD – HPBCD concentration, Ka – proton dissociation constant,

Ka,app – apparent proton dissociation constants in the presence of HPBCD.
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A.3. Supporting data related to the UV-pH HSA method

A.3.1. Results of HSA-binding measurement using the Chiralpak-
HSA column

FIGURE A.3: Calibration curve of Chiralpak-HSA column.
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TABLE A.11: Literature data and measured HSA binding data of calibration set on Chiralpak-
HSA column.

API name
Literature data Experimental data

PPB%
212–215

HSA%
216,217

tR log tR
HPLC
HSA%

Acetaminophen 0; < 20 14 1.994 0.300 17.2
Amoxicillin 18 16.4 1.592 0.202 12.8
Ampicillin 21.2 1.900 0.279 16.1
Antipyrine 12.8 2.162 0.335 19.1
Aspirin 49.0; 55 37.3 4.743 0.676 53.3
Carbamazepine 74.0; 76 83.8 6.127 0.787 73.1
Cephalexin 14 ± 3; 14.5 14 1.856 0.269 15.6
Chlorpromazine 95-98; 97.8 94.7 8.973 0.953 96.4
Cimetidine 19; (13-25) 21.2 2.257 0.354 20.2
Clonidine 20 28 2.428 0.385 22.2
Diazepam 98.7 ± 0.2; 99 93.2 7.583 0.880 89.2
Diclofenac >99.5; 99.5 99 22.640 1.355 100
Diflunisal 99 98.7 24.477 1.389 100
Diltiazem 78 53.9 4.967 0.696 56.6
Diphenhydramine 78 55.4 4.857 0.686 55
Famotidine 20 14.5 2.666 0.426 25.1
Furosemide 98.4 63.8a 11.290 1.053 99.4
Imipramine 90.1 ± 1.4;

92.6
83.1 7.108 0.852 84.9

Indomethacin 90; 92-99 99.5 29.308 1.467 100
Isoniazid 0 6.8 1.410 0.149 10.9
Ketoconazole 99.0 ± 0.1 93 7.674

7.790
0.885
0.892

89.9
90.7

Metronidazole 10; 11 ± 1 5.4 1.503 0.177 11.9
Naproxen 99.7 ± 0.1;

99.4
99 10.668 1.028 99.1

Nifedipine 96 ± 1 69.5 7.285 0.862 86.6
Nitrazepam 82.3 6.403 0.806 76.7
Oxazepam 98.4 94.2 6.655

7.622
0.823
0.882

79.9
89.5

Phenylbutazone 97.8; 98-99 98.4 14.553 1.163 99.9
Phenytoin 91; 89 ± 23 75.5 6.872 0.837 82.4
Piroxicam 99; 99 96.8 19.950 1.3 100
Procaine 6 36 2.321 0.366 21
Propranolol 87 ± 6; 87 62 5.377 0.731 62.5
Ranitidine 15 ± 3 17.5 2.192 0.341 19.4
Rifampin 60-90; 89 ± 1 77.2 6.753 0.829 81
Sulfamethoxazole 53 ± 5; 66 30.9a 7.247 0.86 86.2
Sulindac 94; 93.5 92 9.810 0.992 98.2
Terbutaline 20 28.8 1.952 2.29 16.7
Trimethoprim 37.5; 41.5 37.6 3.602 0.557 37.3
Warfarin 99 ± 1; 99 97.9 14.478

18.900
1.161
1.276

99.9
100.0130
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TABLE A.12: Literature data and measured HSA binding data of test set on Chiralpak-HSA
column.

API name
Literature data Experimental data

PPB%
212–215

HSA%
216,217

tR log tR
HPLC
HSA%

Amodiaquine 6.569 0.817 78.8
Atenolol <5 1.730 0.238 14.3
Captopril 30 ± 6 2.399

3.011
0.380
0.479

21.9
29.5

Cefotaxime 36 ± 3; 38 5.179 0.714 59.6
Cefuroxime 33 ± 3; 31.5 3.807 0.581 40.1
Chloroquine S: 66.6 ± 3.3 4.545 0.658 50.5

R: 42.7 ± 2.1
Chlorothiazide 82.3 7.675 0.885 89.9
Diclofenac >99.5; 99.5 99.0 22.447 1.351 ∼100
Diclofenac ethyl ester 9.795 0.991 98.1
Diflunisal 99 98.7 23.342 1.368 ∼100
Diflunisal ethyl ester 9.441 0.975 97.5
Isoxicam 9.314 0.969 97.3
Ketorolac 99.2 ± 0.1 13.670 1.136 99.9
Lornoxicam 24.122 1.382 100
Meloxicam 99; ∼99.4 14.537 1.162 99.9
O-Methyl-meloxicam 7.040 0.848 84.2
Phenylbutazone 97.8; 98-99 98.4 14.668 1.166 99.9
C-Methyl phenylbutazone 7.121 0.853 85.0
O-Methyl-phenylbutazone 8.133 0.910 92.9
Physostigmine 2.239 0.350 20.0
Sulfamerazine 6.740 0.829 80.9
Tenoxicam 17.447 1.242 ∼100
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A.3.2. Comparison of the HPLC systems used for HPLC-HSA
measurements

Due to poor solubility of O-Methyl meloxicam, a higher sensitivity MS detection
became necessary. To this avail we transferred our method to a Shimadzu modular
HPLC system of similar geometry as the Agilent 1100 system. We used 10 APIs
of the initial calibration set to compare the performance of the different systems.
The log tR vales determined using the Shimadzu system fitted well the calibration
curve determined on the Agilent 1100 system (Figure A.3). We also carried out a
comparison of measured log tR values of the two systems by paired t-test, which
showed no significant difference (P value: 0.1652, t=1.486, df=11, N=12) and very
high correlation (r=0.9898) between the data measured by the two systems. Therefore,
the same calibration curve could be used in the case of both systems.

TABLE A.13: Retention time changes between Agilent 1100 and Shimadzu systems.

API name HSA%
tR log tR

Agilent%
1100

Shimadzu
Agilent%

1100
Shimadzu

Isoniazid 6.8 0.150 0.163 0.149 0.180
Cimetidine 21.2 0.997 0.923 0.354 0.357
Trimethoprim 37.6 2.342 2.984 0.557 0.637
Diphenhydramine 55.4 3.597 3.656 0.686 0.699
Phenytoin 75.5 5.612 4.984 0.837 0.802
Imipramine 83.1 5.848 5.210 0.852 0.817
Ketoconazole 1 93.0 6.414 5.489 0.885 0.835
Ketoconazole 2 93.0 6.530 5.559 0.892 0.839
Piroxicam 96.8 18.690 12.167 1.300 1.131
Warfarin 1 97.9 13.218 10.997 1.161 1.092
Warfarin 2 97.9 17.640 15.358 1.276 1.223
Diclofenac 99.0 21.380 22.112 1.355 1.370
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TABLE A.14: Experimentally determined pKa values with standard deviation (SD) using UV-pH titration.

Compound pKa SD pKa,HSA SD |∆pKa| Compound pKa SD pKa,HSA SD |∆pKa|

Amodiaquine pKa1 7.36 0.02 7.24 0.03 0.12 Lornoxicam pKa1 0.55 0.06 1.42 0.23 0.87
Amodiaquine pKa2 8.45 0.01 7.81 0.03 0.64 Lornoxicam pKa2 5.09 0.01 4.09 0.07 1.00
Amodiaquine pKa3

a 11.67 0.05 10.64 0.02 1.03 Meloxicam pKa1 1.09 0.06 1.25 0.22 0.16
Cefuroxime pKa1 2.07 0.05 -a - - Meloxicam pKa2 4.12 0.01 3.57 0.05 0.55
Cefuroxime pKa2 10.87 0.01 - - - Metronidazole 2.53 0.01 2.53 0.01 0.00
Cephalexin 2.54 0.01 -b - - Nitrazepam pKa1 2.94 0.01 2.89 0.03 0.05
Chloroquine pKa1 8.51 0.02 8.30 0.01 0.21 Nitrazepam pKa2 10.51 0.03 9.53 0.06 0.98
Chloroquine pKa2 10.52 0.02 9.77 0.05 0.75 Oxazepam pKa1 1.61 0.02 1.55 0.03 0.06
Diazepam 3.41 0.01 3.32 0.03 0.09 Oxazepam pKa2 11.14 0.03 10.87 0.01 0.27
Diclofenac 4.02 0.01 3.55 0.01 0.47 Phenylbutazone 4.36 0.01 3.83 0.05 0.53
Diflunisal pKa1 2.65 0.00 2.27 0.04 0.38 Physostigmine 8.15 0.02 8.10 0.03 0.05
Diflunisal pKa2 12.74 0.09 -c - - Piroxicam pKa1 1.89 0.03 1.89 0.03 0.00
Diltiazem 8.06 0.02 -a - - Piroxicam pKa2 5.29 0.01 4.74 0.09 0.55
Ethynyl estradiol 10.02 0.00 -a - - Procaine pKa1 2.19 0.03 2.17 0.00 0.02
Famotidine 6.76 0.01 6.74 0.03 0.02 Procaine pKa2 9.05 0.02 9.05 0.06 0.00
Furosemide pKa1 3.57 0.00 3.47 0.01 0.10 Propranolol 9.53 0.01 -a - -
Furosemide pKa2 10.22 0.00 -a - - Sulindac 3.94 0.01 4.10 0.06 0.16
Imipramine 9.60 0.02 -a - - Tenoxicam pKa1 1.14 0.03 1.27 0.11 0.13
Indomethacin 3.94 0.02 -a - - Tenoxicam pKa2 5.21 0.01 4.49 0.09 0.72
Isoniazid pKa1 3.65 0.01 3.70 0.03 0.05 Trimethoprim 7.13 0.01 7.12 0.02 0.01
Isoniazid pKa2 10.77 0.01 -a - - Warfarin 4.95 0.01 4.54 0.05 0.41
Isoxicam 3.75 0.02 3.53 0.05 0.22

a
Absorbance of API suppressed by HSA.

b
Turbidity in the presence of HSA.

c
pKa2 is out of measurement range, pKa2,HSA could not be determined
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A.3.3. Syntheses and structural confirmation (NMR, HRMS) of
modified APIs

A.3.3.1. Diflunisal ethyl ester (ethyl 2’,4’-difluoro-4-hydroxy-[1,1’-biphenyl]-3-
carboxylate)

Diflunisal ethyl ester was synthesized based on a previously reported method.248

Diflunisal (50 mg, 0.20 mmol) was dissolved in absolute ethanol (2.28 ml), then cc.
H2SO4 (0.39 ml, 7.3 mmol) was added dropwise. The reaction mixture was heated to
85 °C, stirred for 28 h, then cooled to 4 °C leading to precipitation of a white solid.
The solid was collected by vacuum filtration, rinsed with water, then dried by pulling
vacuum through the filter cake for 30 minutes, then dried in a drying oven at 30 °C
for 24 h, and collected to give the title compound as a white solid. Water caused
further precipitation in the mother liquor, which was also filtered and dried to give
the title compound as a white solid. (30.8 mg, 55%).

Purity: 98.76% (HPLC–DAD); 1H NMR (499.9 MHz, CDCl3) δ (ppm): 1.44 (t, J =
7.1 Hz, 3H, CH3), 4.45 (q, J = 7.1 Hz, 2H, CH2), 6.92 (ddd, J = 10.5, 8.8, 2.6 Hz, 1H,
H-3’), 6.96 (dddd, J = 8.7, 7.9, 2.6, 1.1 Hz, 1H, H-5’), 7.07 (d.d, J = 8.7, 0.3 Hz, 1H, H-3),
7.38 (td, J = 8.7, 8.7, 6.4 Hz, 1H, H-6’), 7.60 (ddd, J = 8.7, 2.4, 1.7 Hz, 1H, H-4), 7.98
(ddd, J = 2.4, 1.3 Hz, 1H, H-6), 10.94 (d, J = 0.3 Hz, 1H, OH); 13C NMR (125.7 MHz,
CDCl3) δ (ppm): 14.2 (CH3), 61.6 (CH2), 104.4 (dd, J = 26.4, 25.4 Hz, C-3’), 111.6 (dd, J
= 21.1, 3.8 Hz, C-5’), 112.7 (C-1), 117.8 (C-3), 124.2 (C-1’), 126.0 (C-5), 130.1 (d, J = 2.6
Hz, C-6), 131.1 (dd, J = 9.4, 4.8 Hz, C-6’), 136.1 (d, J = 3.0 Hz, C-4), 159.7 (dd, J = 249.9,
11.8 Hz, C-2’), 161.3 (C-2), 162.1 (dd, J = 248.9, 11.9 Hz, C-4’), 170.0 (C=O); EI-HRMS:
Calcd for C15H12O3F2: 278.07490; found: 278.07554; delta= 2.29 ppm.
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A.3.3.2. C-Methyl phenylbutazone (4-butyl-4-methyl-1,2-diphenyl-pyrazolidine-
3,5-dione)

C-Methyl phenylbutazone was synthesized by modifying a previously reported
method.249 Phenylbutazone (200 mg, 0.65 mmol) was dissolved in 4 mL ethanolic
KOH solution (10 mg/mL anhydrous KOH), then 82 µL MeI was added dropwise to
the solution under argon purging. The reaction mixture was stirred at rt for 3 days,
then ethanol was evaporated under reduced pressure. EtOAc (2x4 ml) was added,
then evaporated from the mixture. The crude product was dissolved in DCM, dry
loaded onto silica gel and purified by flash column chromatography (Silica gel 60
(0.040-0.063 mm), eluent: hexane: EtOAc 7:1 (v/v)). The fractions containing the title
compound were combined and the eluent evaporated under reduced pressure to
give the title compound as a white solid, which was dried in a glass oven at 50 °C for
24h (140.8 mg, 67.3%).

Purity: 99.77% (HPLC–DAD); 1H NMR (499.9 MHz, DMSO-d6) δ (ppm):
0.80–0.85 (m, 3H, H3-1), 1.18–1.31 (m, 4H, H2-3, H2-2), 1.39 (s, 3H, H3-6), 1.74–1.82
(m, 2H, H2-4), 7.19–7.25 (m, 2H, 2× H-4’), 7.33–7.39 (m, 8H, 4 × H-2’, 4 × H-3’); 13C
NMR (125.7 MHz, DMSO-d6) δ (ppm): 13.5 (C-1), 20.5 (C-6), 21.9 (C-2), 26.4 (C-3),
36.0 (C-4), 48.2 (C-5), 123.3 (C-2’), 126.9 (C-4’); 128.9 (C-3’), 135.5 (C-1’); 173.2 (C-7);
EI-HRMS: Calcd for C20H22O2N2: 322.16758; found: 322.16756; delta= -0.08 ppm.
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A.4. Supporting data related to the corneal-PAMPA method

FIGURE A.4: Histograms of molecular weight, polar surface area (PSA)
and lipophilicity (logP) of selected APIs.
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TABLE A.15: In vitro measured permeability values of Models A-E.

Nr. Name Model A Model B Model C Model D Model E
Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N

1 atenolol 0.00 0.00 3 0.00 0.00 3 0.00 0.00 6 0.00 0.00 6 0.00 0.00 3
2 betaxolol HCl 15.35 0.30 3 7.62 1.91 3 12.66 0.62 6 32.04 3.23 6 43.86 7.20 3
3 bevantolol HCl 25.33 1.27 3 14.46 0.58 3 22.78 4.54 6 34.39 5.20 6 49.78 2.43 3
4 bufuralol HCl 48.10 2.52 3 41.35 2.21 3 43.01 2.17 4 48.01 3.26 6 53.44 4.42 3
5 buspirone HCl 43.04 4.82 3 31.45 2.17 3 43.91 5.61 6 50.33 2.11 6 34.58 4.58 3
6 cimetidine 0.00 0.00 3 0.00 0.00 3 0.00 0.00 6 0.00 0.00 6 0.00 0.00 3
7 ciprofloxacin - - - 0.74 0.10 3 0.00 0.00 6 - - - 0.00 0.00 3
8 clonidine 4.49 0.27 3 2.96 0.74 3 3.43 0.32 6 26.97 6.06 6 30.74 4.43 3
9 cromolyn 0.00 0.00 3 0.00 0.00 3 0.00 0.00 6 0.00 0.00 6 0.00 0.00 3

10 11-deoxycorticosterone 36.09 0.83 3 27.79 0.70 3 0.00 0.00 6 57.01 4.96 6 35.67 3.69 3
11 dexamethasone 9.71 1.04 3 9.32 4.97 3 0.00 0.00 6 5.92 2.15 6 2.33 0.23 3
12 enoxacin - - - 1.62 0.27 3 0.00 0.00 6 - - - 0.00 0.00 3
13 ethoxzolamide 16.62 0.84 3 24.91 2.28 3 3.59 0.42 6 34.28 5.06 6 19.04 0.97 3
14 flurbiprofen 2.52 0.11 3 2.19 0.30 3 1.74 0.11 6 22.91 8.98 6 6.24 2.96 3
15 hydrocortisone 4.59 0.20 3 5.44 2.36 3 0.14 0.02 6 5.93 1.98 6 4.38 0.20 3
16 ibuprofen 4.97 0.27 3 4.91 0.63 3 4.60 0.30 6 24.84 5.84 6 11.66 0.62 3
17 indometacin 1.51 0.04 3 4.39 0.44 3 0.00 0.00 6 10.06 1.86 6 2.99 0.51 3
18 labetalol 3.80 0.04 3 3.04 0.47 3 0.00 0.00 6 0.00 0.00 6 4.16 1.20 3
19 metoprolol 2.75 0.35 3 0.69 0.23 3 2.06 0.18 6 18.28 3.10 6 20.97 2.92 3
20 nadolol 0.00 0.00 3 0.00 0.00 3 0.00 0.00 6 0.00 0.00 6 0.00 0.00 3
21 nalidixic acid 1.03 0.08 3 0.90 0.17 3 1.29 0.14 6 19.46 5.48 6 4.42 1.31 3
22 nepafenac 17.06 3.09 3 1.28 0.29 3 0.00 0.00 6 37.43 6.61 6 24.83 0.63 3
23 norfloxacin 0.22 0.02 3 0.52 0.05 3 0.00 0.00 6 0.59 0.42 6 0.11 0.03 3
24 ofloxacin 1.24 0.11 3 2.03 0.24 3 0.00 0.00 6 2.75 0.84 6 0.66 0.35 3
25 penbutolol 43.87 1.86 3 30.14 9.85 3 52.45 2.47 4 45.60 5.13 6 30.66 0.99 3
26 pindolol 1.72 0.19 3 1.66 0.10 3 0.00 0.00 6 7.23 5.76 6 15.14 3.27 3
27 prednisolone 4.60 0.45 3 5.16 1.12 3 0.00 0.00 6 5.67 3.87 6 3.54 0.41 3
28 procaine HCl 7.48 0.23 3 8.53 3.67 3 5.75 0.50 6 26.36 4.75 6 38.01 1.08 3
29 progesterone 18.47 2.28 3 0.00 0.00 3 0.00 0.00 6 0.00 0.00 6 0.00 0.00 3
30 tetracaine HCl 48.26 7.27 3 47.56 2.47 3 47.19 19.42 6 47.56 1.96 6 75.88 10.39 3

Nr – API’s number in models, Pe(exp)– experimental Pe [10−6 cm/s], SD – standard deviation, N – number of replicates, data in gray italics were excluded from model comparison values
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TABLE A.16: In vitro measured permeability values of Models F1-F5.

Nr. Name Model F1 Model F2 Model F3 Model F4 Model F5
Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N Pe(exp) SD N

1 atenolol 0.00 0.00 12 0.00 0.00 9 0.00 0.00 12 0.00 0.00 6 0.00 0.00 3
2 betaxolol HCl 23.67 2.82 8 20.95 2.71 6 18.97 1.53 6 19.02 1.44 8 19.04 2.11 3
3 bevantolol HCl 28.97 2.99 6 19.76 5.56 6 27.20 1.73 8 22.89 1.34 6 24.96 1.04 3
4 bufuralol HCl 41.97 3.33 7 28.76 9.96 6 41.91 1.84 6 41.18 12.78 6 38.61 0.55 3
5 buspirone HCl 38.13 1.86 11 37.37 3.93 6 45.36 3.17 9 35.60 3.25 7 40.81 1.19 3
6 cimetidine 0.00 0.00 12 0.00 0.00 9 0.00 0.00 12 0.00 0.00 6 0.00 0.00 3
7 ciprofloxacin 0.25 0.19 11 1.75 0.56 8 1.37 0.60 12 1.40 0.32 6 0.99 0.08 3
8 clonidine 24.05 2.40 12 16.05 1.87 9 12.68 2.05 9 8.68 2.00 5 6.55 2.67 3
9 cromolyn 0.00 0.00 12 0.00 0.00 9 0.00 0.00 12 0.00 0.00 6 0.00 0.00 3

10 11-deoxycorticosterone 24.31 1.94 9 23.33 4.49 6 26.75 2.65 6 28.8 2.01 5 36.78 9.52 3
11 dexamethasone 3.46 0.34 10 15.38 2.14 8 10.91 1.07 10 13.35 1.46 6 8.64 0.65 3
12 enoxacin 1.17 0.31 9 2.67 0.73 9 2.58 0.59 12 2.45 0.54 6 0.00 0.00 3
13 ethoxzolamide 24.05 2.98 9 23.86 2.11 6 17.35 2.53 7 24.48 3.85 8 11.99 1.90 3
14 flurbiprofen 16.47 1.77 9 12.39 2.60 6 8.97 0.96 6 6.81 1.00 7 4.22 1.56 3
15 hydrocortisone 5.19 0.77 12 9.08 1.53 9 8.33 1.63 10 9.26 0.69 6 4.02 0.51 3
16 ibuprofen 21.9 2.75 12 12.29 3.39 9 9.78 1.96 9 6.87 1.00 6 5.19 0.81 3
17 indometacin 9.31 0.69 11 9.13 3.54 9 9.28 2.88 12 10.08 2.32 9 5.45 0.77 3
18 labetalol 3.78 0.72 11 8.73 2.28 9 6.72 0.89 9 8.03 0.91 9 5.26 1.47 3
19 metoprolol 14.19 1.22 12 9.68 2.62 9 8.27 0.78 9 6.35 0.99 5 5.65 1.90 3
20 nadolol 0.00 0.00 9 0.61 0.92 9 0.00 0.00 12 0.00 0.00 6 0.00 0.00 3
21 nalidixic acid 13.97 1.81 12 6.17 2.66 9 3.90 0.69 9 4.11 2.48 9 1.44 0.31 3
22 nepafenac 28.96 3.35 6 24.89 8.63 6 21.23 1.67 7 17.98 11.37 6 15.40 3.21 3
23 norfloxacin 0.33 0.67 12 0.89 0.14 9 0.89 0.39 9 1.11 0.40 6 0.42 0.08 3
24 ofloxacin 1.38 0.68 12 2.67 0.42 5 2.79 0.31 9 3.86 0.80 6 1.32 0.22 3
25 penbutolol 32.36 3.79 8 22.50 6.33 6 28.16 9.32 9 29.85 12.18 6 13.44 0.59 3
26 pindolol 9.05 1.51 12 6.13 3.03 5 8.12 1.36 9 6.50 3.31 5 3.63 0.29 3
27 prednisolone 3.50 1.21 11 7.97 1.39 9 6.30 0.60 11 8.41 1.77 3 5.95 1.28 3
28 procaine HCl 23.86 2.98 12 15.46 2.83 9 15.79 1.51 8 12.04 3.08 3 9.41 1.89 3
29 progesterone 0.00 0.00 9 0.00 0.00 9 0.00 0.00 6 29.07 3.12 3 0.00 0.00 3
30 tetracaine HCl 39.43 3.32 10 34.41 2.43 8 47.84 5.15 6 34.47 15.37 3 32.04 3.98 3

Nr – API’s number in models, Pe(exp)– experimental Pe [10−6 cm/s], SD – standard deviation, N – number of replicates, data in gray italics were excluded from model comparison values
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TABLE A.17: In vitro measured permeability values of eye drops and their APIs in Model F1.

Eye drop (API)
API eye drop 5x diluted 10x diluted 20x diluted

cAPI

(mM)
Pe(exp) SD N

cAPI

(mM)
Pe(exp) SD N

cAPI

(mM)
Pe(exp) SD N

cAPI

(mM)
Pe(exp) SD N

cAPI

(mM)
Pe(exp) SD N

Acular (ketorolac) 0.1 1.78 0.73 6 11 0.30 0.07 4 2.2 0.74 0.55 6 1.1 0.77 0.22 5 0.55 0.93 0.29 6

DorzolEP (dorzolamide) 0.1 0.85 0.63 6 62 0.11 0.08 5 12.4 0.44 0.10 5 6.2 0.72 0.18 6 3.1 1.10 1.02 6

Cosopt (dorzolamide) 0.1 0.85 0.63 6 62 0.05 0.02 6 12.4 0.21 0.06 6 6.2 1.12 0.99 6 3.1 1.35 0.3 3

Cosopt (timolol) 0.1 11.42 2.45 6 16 0.17 0.03 5 3.2 0.64 0.10 6 1.6 1.45 0.35 4 0.8 4.01 0.63 5

Yellox (bromfenac) 0.1 2.51 1.28 6 3 0.45 0.17 8 0.6 0.62 0.18 12 0.3 0.78 0.19 10 0.15 0.97 0.19 11

Vigamox (moxifloxacin) 0.1 4.83 0.77 5 12 2.13 0.26 9 2.4 4.16 1.29 10 1.2 5.41 1.81 8 0.6 4.85 2.79 8

Maxidex (dexamethasone) 0.1 3.46 0.34 10 25 3.02 0.46 7 5 4.62 0.84 6 2.5 5.79 1.31 7 1.25 2.75 0.42 3

Nevanac (nepafenac) 0.1 28.96 3.35 6 4 1.03 0.18 3 0.8 5.54 1.03 5 0.4 12.18 1.74 6 0.2 21.62 3.8 6

Oftaquix (levofloxacin) 0.1 2.86 0.91 4 14 0.97 0.29 9 2.8 1.68 0.3 8 1.4 2.95 0.61 7 0.7 1.81 0.9 9

Pe(exp)– experimental Pe [10−6 cm/s], SD – standard deviation, N – number of replicates
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